Uncovering the role of notch signaling in development of hypothalamic nuclei in vivo and using in vitro microenvironments by Biehl, Matthew Joseph
	 
 
 
 
 
 
UNCOVERING THE ROLE OF NOTCH SIGNALING IN DEVELOPMENT OF HYPOTHALAMIC 
NUCLEI IN VIVO AND USING IN VITRO MICROENVIRONMENTS 
 
 
 
 
 
 
 
BY 
 
 
MATTHEW J BIEHL 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy in Molecular and Integrative Physiology 
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2017 
 
 
 
 
 
 
 
Urbana, Illinois 
Doctoral Committee: 
 
 Associate Professor Lori T Raetzman, Chair 
 Assistant Professor Catherine A Christian 
 Professor Jodi A Flaws 
 Professor Jonathan V Sweedler
	
ii	
Abstract 
 The hypothalamus is an ancient structure of the brain in many orders of vertebrates and 
invertebrates involved in nearly all homeostatic regulation in the body. These processes include, 
but are not limited to reproductive development and function, energy balance, thermoregulation, 
water balance, and circadian cycles. These functions are regulated by the collaborative efforts 
of neurons expressing well-defined neuropeptide content as well as other cellular subtypes of 
the brain such as glia, ependymal cells, and hypothalamic tanycytes. It is hypothesized that 
each of these cell types arise from a common progenitor early in development. Disruption during 
the developmental window of any of these cellular types can result in persistent health 
conditions related to the processes of the hypothalamus they control, including infertility and 
obesity. Within the hypothalamus, these processes are controlled in two nuclei: the 
anteroventral periventricular nucleus (AVPV) and the arcuate nucleus (ARC). Although the 
function of a large number of these functional cell types has been studied in great detail, the 
developmental cues associated with fate decisions of a common progenitor remain highly 
elusive. We explored the effects that the Notch signaling pathway had on development of 
neurons related to these processes; first the effect that Notch had on the development on 
kisspeptin expressing neurons of the ARC involved in control of reproductive function. We 
observed that both in an early genetic ablation of canonical Notch signaling (Rbpj cKO) as well 
as a persistent Notch signaling expressing (NICD tg) mouse model, kisspeptin neurons of the 
ARC do not develop. This is in stark contrast to neurons involved in energy homeostasis, as 
while NICD tg mice showed no neuronal differentiation, Rbpj cKO mice showed significantly 
more of both Pomc or NPY neurons involved in feeding. Follow-up studies established that this 
observation was not due to differences in the timing of development of neurons involved in 
these processes, as each subtype were born between embryonic day (E)11.5 and 13.5. 
Additionally, neurons involved in these processes appeared to arise from a common immature 
neuronal lineage, providing further evidence for the hypothesis that Notch signaling is necessary 
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for kisspeptin neuron development. These observations persist into adulthood and have 
profound reproductive consequences on female and male mice. 
 Next we aimed to characterize development of the AVPV, a previously understudied 
area of the brain in regards to its development. Utilizing an identical Rbpj cKO mouse model, we 
chose to explore the effects that loss of Notch signaling would have on AVPV formation, cellular 
dynamics, and fate decisions. By E13.5 we noticed a dramatic expansion of the tissue 
underlying the AVPV which was accompanied by a clear increase in cellular proliferation as 
marked by Ki-67. Interestingly, SOX2-positive progenitors of the area were not affected by our 
genetic manipulation; however, we noted an obvious increase in neurogenesis as marked by 
the general neuronal marker HuC/D and a significant increase in mature neurons as marked by 
the tyrosine hydroxylase (TH) enzyme, a common marker of the AVPV. Additionally, we noted a 
significant increase in OLIG2-positive oligodendrocytic precursor (OPC) cells of the AVPV at 
postnatal day (P)0 (day of birth). These findings imply that Notch signaling may be involved in 
restricting processes such as cellular proliferation, neurogenesis, and gliogenesis in the 
developing AVPV. In order to better understand the direct effects Notch signaling has on early 
fate decisions of progenitors of the hypothalamus, we next utilized a primary progenitor culture 
system consisting of late progenitor cells of the early neonatal hypothalamic ventricular zone 
(HVZ). These cells expand and spontaneously form neurospheres which can be manipulated 
and studied at the level of mRNA or protein expression. We found that acute chemical inhibition 
of Notch signaling was sufficient to significantly reduce direct downstream Notch signaling 
Hes1, Hes5, and Hey1. This coincided with a significant increase in the proneural gene Mash1, 
suggesting that some of the machinery required for progenitor differentiation was present in 
cultured progenitors. In vitro results recapitulated some in vivo findings, as we noted significant 
increases in mKi67 and Olig2 transcript. However, the neuronal precursor cell (NPC) marker 
Nestin (Nes) was not changed, suggesting neurogenesis was not yet affected. To this end, we 
inhibited Notch signaling an additional 72 hours and assessed neuronal quality via 
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immunocytochemistry (ICC). We noted that 144 hours of Notch inhibition resulted in significant 
increases in TH expression in both cultured cell soma and neurite extensions, as well as a 
significant increase in neurite outgrowth, suggesting that progenitors began to adopt a more 
neuronal identity. 
 Finally, we chose to use our developed in vitro neurosphere assay for other applications 
of progenitor fate decisions within the hypothalamus. Conditions such as gestational diabetes 
result in aberrant signaling in developing tissue of the fetus and have implications with Notch 
signaling. To this end, we cultured neurospheres in varying concentrations of insulin and 
reported that a 100-fold increase in insulin signaling resulted in increased number of spheres in 
a random field of view as well as an increase in the average sphere size. Interestingly, in high 
concentrations of insulin, chemical inhibition of Notch reversed this observation, suggesting that 
Notch signaling may be responsible for expansion of these neurospheres in this assay. In order 
to expedite understanding of multiple signaling pathways at once and the effects they have on 
neurosphere progenitor-quality and proliferation, we adopted a novel assay developed by the 
Department of Engineering. To this end, neurospheres were plated on microenvironments of 
varying extracellular matrix protein (ECMs) contexts in the presence of absence of Notch 
signaling. We report that chemical inhibition of Notch on specific ECMs reduced cellular 
proliferation and progenitor-quality and that neurospheres preferred growing on laminin- or 
fibronectin-based ECMs. Future studies will be able to combine several of these novel 
techniques to better understand the mechanism underlying hypothalamic development and 
early fate decisions. 
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Chapter 1 – Notch Signaling in Development of the Hypothalamus 
 
Written by Biehl MJ and edited by Raetzman LT 
 
Introduction 
 The hypothalamus is an ancient anatomical structure of the ventral brain responsible for 
regulation of nearly all homeostatic functions of the body. These functions include, but are not 
limited to, energy homeostasis, reproductive function and development, thirst, thermoregulation, 
and control of circadian rhythms (Bakke and Lawrence, 1965; Fusco et al., 1966; Kennedy, 
1966; Kennedy and Mitra, 1963; McCrum, 1953). To perform such a wide range of functions, 
the hypothalamus is divided into regions of specialized neurons and cell populations dubbed 
nuclei, and each nucleus is typically responsible for control of one or very few of the 
aforementioned functions. Not surprisingly, lesions or inappropriate development of any of these 
specific nuclei can have profound physiological impacts, either early in an organism’s life if an 
underlying issue is due to a developmental abnormality or later if the issue arises from an 
acquired lesion (Milam et al., 1982; Powley and Morton, 1976). It has also been well established 
that disruptions during the developmental window can have profound, persistent effects 
throughout the entire lifespan of an organism, further emphasizing the importance of 
understanding development of areas of the body associated with certain disease states (Barker, 
2004; Vickers et al., 2000). Taken together, it is clear that the study and understanding of proper 
hypothalamic development is critical both for the advancement of basic science as well as 
having obvious clinical and human health relevance. 
 Although the functional cellular subtype of the brain has classically been thought of as 
being the neuron, it is important to recognize that a number of other cell types are equally as, if 
not more, important than neurons in the brain. These cell types include many cellular subtypes 
of the glial lineage including astrocytes, microglia, ependymal cells, oligodendrocytes, and 
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hypothalamic tanycytes (Lawson et al., 1990; Lolait et al., 1983; Melcangi et al., 1988; Scott and 
Paull, 1979; Vigh et al., 1967). Often times these cells are involved in either communicating a 
circulating cue to neurons of the underlying parenchyma or can help support, protect, or amplify 
neuronal function (Hatton et al., 1984; Sipe and Moore, 1976). While, by definition, cells of this 
fate are thought of as different from neuronal counterparts, it is important to appreciate that 
many neurons of the hypothalamus are indeed derived from radial glial cells during 
development and that it has been hypothesized that many (if not all) of the cellular subtypes of 
the hypothalamus are derived from a common progenitor pool (Nery et al., 2001; Pera and 
Kessel, 1997). Thus, understanding the molecular mechanisms and signaling pathways active 
during development as well as fate decisions of each of the cell types of the hypothalamus is 
paramount in understanding and potentially treating human health diseases. 
 One signaling pathway intimately associated with development of multiple organ 
systems within the body is the Notch signaling pathway (Bang et al., 1995; Jack and DeLotto, 
1992; Lyman and Yedvobnick, 1995). Notch signaling is similarly an ancient and highly 
conserved cell-to-cell contact signaling pathway whereby one cell expressing one of the many 
Notch ligands (usually of the Delta/Jagged/Serrate family) interacts with one of the four Notch 
receptors on a neighboring cell. This transactivation leads to cleavage of the Notch intracellular 
domain via g-secratase, and subsequent complexing with additional cofactors such as 
Mastermind/Mastermind-like and CBF1/RBPJ which translocate to the nucleus and promote 
transcription of factors of the Hes and Hey family (Ohtsuka et al., 1999). Traditionally, activation 
of Notch signaling promotes progenitor cells to remain as such through promotion of the cell 
cycle and active inhibition of proneural genes such as Mash1/Ascl1 and Ngn2 (de la Pompa et 
al., 1997; Kageyama et al., 1997). Activation of Notch signaling also prevents ligand 
presentation on the surface of the activated cell allowing for a neighboring cell to differentiate, a 
process known as lateral inhibition (Kunisch et al., 1994). This results in a salt-and-pepper 
pattern of activated Notch signaling and has strong implications in formation of neuronal and 
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oligodendrocytic precursor cells (NPCs and OPCs, respectively) which ultimately mature into 
neurons and glial subtypes (Castro et al., 2005; Jurynczyk et al., 2005). 
 It is the goal of this mini-review to explore the role that Notch signaling plays in multiple 
stages of development, beginning at early neural patterning during diencephalonic patterning as 
well as its involvement in progenitor maintenance, cellular proliferation, early and late 
neurogenesis, and gliogenesis. We also discuss novel methods to explore the role Notch 
signaling may be having on progenitor cells of the hypothalamus to better study and understand 
the role this ancient signaling pathway may be having on cellular dynamics and fate decisions 
throughout the developmental window. 
 
Neural patterning and early cellular fate 
 The formation of the hypothalamic primordium occurs early in development, whereby 
neural tissue of the prosencephalon will begin to attain specific identity though a number of 
signaling factors and developmental pathways. Of note, Sonic Hedgehog signaling is necessary 
for ventralisation of the diencephalon to separate the hypothalamus from thalamus; however,  it 
is important to note that other secreted factors from the family of Bone Morphigenic Proteins 
(BMPs), factors of the Wnt signaling pathway, and others are all critical for development of a 
hypothalamic identity (Dale et al., 1997; Kiecker and Niehrs, 2001; Mathieu et al., 2002; Pera 
and Kessel, 1997). Interestingly, although Notch signaling critical for CNS and hypothalamic 
development, its role in early patterning is very limited. Hypothalamic identity typically coincides 
with expression of Nkx2.1 as early as embryonic day (E)8.0 in the mouse and Hamburger and 
Hamilton stage (HH)8 in the developing chick (Pera and Kessel, 1997; Sussel et al., 1999). 
However, many Notch signaling components and downstream targets such as Notch2, Dll1, 
Hes5, and Hey1 are not expressed in the presumptive hypothalamus during this period of 
development (Ware et al., 2014). Rather, their expression are induced at E8.5, and expression 
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of proneural genes is not detected until closer to E9.5 (Reaume et al., 1992; Williams et al., 
1995). 
 Rather than being involved in early patterning of the hypothalamus, expression of these 
Notch components is more apparent during the window of very early neurogenesis, namely 
during the window of development of the nucleus of the tract of the postoptic commissure 
(nTPOC) and nucleus of the mammillotegmental tract (nMTT) (Easter et al., 1994; Mastick and 
Easter, Jr., 1996). Functionally, rather than serving as neurons of specific neuropeptide content 
in order to regulate homeostasis, these neurons instead serve as the pioneering scaffolding for 
further neuronal and axonal migration later in development. Interestingly, while functional 
neurogenesis within the hypothalamus has been speculated to begin closer to E10.5 (Ishii and 
Bouret, 2012; Shimada and Nakamura, 1973), this subset of neurons appears to differentiate 
slightly earlier. Although to date there have been very few studies exploring the mechanism of 
development of these pioneering neurons, it is speculated their differentiation is controlled in a 
similar fashion to that of other neurons of hypothalamic nuclei (Ware et al., 2014). 
 
Role in progenitor state maintenance 
 As discussed previously, Notch signaling is classically considered a signaling pathway 
involved in progenitor maintenance, namely through regulation of the cell cycle and activation of 
transcription factors identified as hallmarks of progenitor state (Wang et al., 2012; Xiang et al., 
2011; Zhu et al., 2015). Many differentiated cellular subtypes of the hypothalamus arise from 
progenitor cells residing within the hypothalamic ventricular zone (HVZ), a stem cell niche at the 
neural midline which is maintained into the postnatal window (Aujla et al., 2013; Hoefflin and 
Carter, 2014). Of note, stem cells of the HVZ robustly express the general progenitor markers 
SOX2 and SOX9 in a large population of cells, suggesting they are indeed progenitor-like in 
quality (Aujla et al., 2013; Marsters et al., 2016). It has been observed in both human and 
animal models that SOX2 haploinsufficiency results in altered hypothalamic development, 
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further suggesting its role in development of this region (Alatzoglou et al., 2011). In other areas 
of the brain as well as neighboring tissues such as the pituitary gland, SOX2-positive cells are 
able to give rise to all of the functional cellular subtypes found within the underlying 
parenchyma, and it is hypothesized that within the hypothalamus the same is true (Fauquier et 
al., 2008). Additionally, it has been shown that Notch signaling may be involved in SOX2 
control, promoting a progenitor cell to remain as such and prevent differentiation (Seo et al., 
2016). Interestingly, while in many contexts SOX2 expression is generally downregulated upon 
cell cycle exit and differentiation, within some regions of the hypothalamus this is not the case. 
Rather, in regions such as the superchiasmatic nucleus (SCN) as well as other hypothalamic 
nuclei such as the arcuate and anteroventral periventricular nucleus, SOX2-expression is found 
both robustly within the HVZ as well as in a number of cells of the underlying parenchyma, 
presumably neurons as well as other cell types such as glia (Hoefflin and Carter, 2014). 
 Canonical Notch signaling is also involved in progenitor maintenance and prevention of 
differentiation through expression of downstream targets of the HES and HEY family (Katoh and 
Katoh, 2007). These proteins are basic helix-loop-helix (bHLH) transcription factors that 
classically act as transcriptional repressors, namely of proneural/differentiation factors such as 
Mash1/Ascl1 and members of the Neurogenin family (Ngn1/2) (Imayoshi et al., 2008; Sakamoto 
et al., 2003). These interactions are thought to be direct, as HES/HEY proteins bind to N-box 
sequences on these proneural genes’ promotors to prevent their active transcription (Grogan et 
al., 2008). Although HES and Notch activation do maintain progenitors in an undifferentiated 
state, it is important to note that throughout development, Hes expression is oscillatory, 
constantly turning on and off and auto-regulating itself to allow for eventual differentiation of a 
subpopulation of cells which at one point did express Hes (Barton and Fendrik, 2013). This 
phenomenon speaks volumes to the dynamic regulation Notch signaling is involved in when 
maintaining progenitors and driving cell fate decisions within the developing hypothalamus. 
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Regulation of cell cycle progression and proliferation 
 Another hallmark of active Notch signaling is its function in regulating the cell cycle. 
Namely, in multiple organ systems throughout the body as well as the brain, activation of 
canonical Notch signaling activates multiple cell cycle progression transcription factors including 
Myc, Cdkn1a, Ccnd3, and others which promote cellular growth and proliferation (Joshi et al., 
2009; Monahan et al., 2012; Weng et al., 2006). While Notch signaling has been shown to 
promote expression of these cell cycle regulators, it is always important to additionally consider 
the implications and interactions these factors have with other regulators of both the cell cycle 
and other cellular processes, as well. For instance, activate Notch signaling induces Myc 
expression which is involved not only in progression through the cell cycle, but interacts with 
several other factors involved in apoptosis such as Bim, Bcl2 and Bcx (Greider et al., 2002; Li et 
al., 2016). Likewise, Cdkn1a expression is very tightly regulated by the tumor suppressor gene 
Trp53 which acts both as a cell cycle arresting factor as well as another promoter of apoptosis, 
and therefore indirect regulation or compensation may be observed when Notch signaling is 
manipulated (Chen et al., 2016; Watanabe et al., 2015). Thus, Notch signaling not only acts 
directly to advance the cell cycle, but may also alter a number of genes and cellular processes 
involved in the cell cycle indirectly as well. 
 Early in development, proliferation of the progenitor niche overlaps with expression of 
Notch signaling receptors and downstream targets in both the mouse and zebrafish (Aujla et al., 
2013; Goto et al., 2015; Mueller and Wullimann, 2003). These proliferative zones show high 
concordance with both Notch ligand and receptor expression which, by the model of lateral 
inhibition would appear to be counter-intuitive. Rather, one would suppose that Notch receptor 
would be highly expressed in highly proliferative progenitors whereas ligand would be more 
expressed in differentiated cells. However, given how early in development these processes 
begin, it is likely that each cell in these proliferative zones can and do express both factors until 
terminal differentiation begins to occur in certain cellular subtypes (e.g. neurons or glia), 
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whereby the balance of receptor versus ligand begins to become altered, creating a pattern of 
lateral inhibition (de Oliveira-Carlos et al., 2013; Mueller and Wullimann, 2003). As 
differentiation begins and development advances, both cellular proliferation and the highly 
proliferative zones of the developing hypothalamus begin to decrease (de Oliveira-Carlos et al., 
2013). Indeed, at E13.5 in the mouse, cellular proliferation as marked by the general 
proliferative antigen Ki-67 is still robust and detectable in the HVZ; however, by E18.5, this 
expression dramatically decreases along with the amount of observed differentiation (Aujla et 
al., 2013). Interestingly, if Notch signaling is constitutively expressed, this proliferation (but not 
differentiation) is maintained and increased within the HVZ even late in development, 
suggesting that Notch signaling titration is necessary to maintain the balance of cellular 
differentiation and low levels of proliferation maintained into the postnatal window (Aujla et al., 
2013). 
While the hypothalamus appears to have high levels of cellular proliferation early in 
development, this phenomenon occurs into late development and somewhat into the postnatal 
window, as well. Numerous studies in multiple models have confirmed that low levels of 
proliferation persist within the proliferative midline zone of the HVZ (Lee et al., 2012; Pak et al., 
2014; Sarah C. Robins et al., 2013a; Wei et al., 2002). Not surprisingly, this is the area of the 
hypothalamus where progenitor cells are maintained as well as low levels of Notch signaling 
components (Salvatierra et al., 2014). A great deal of interest in the field of postnatal/adult 
cellular dynamics has come to light recently and it has been proposed by numerous groups that 
Notch signaling may play a role in this process similar to how it does early in development. 
 
Notch signaling in neurogenesis and neuronal fate decisions 
 One of the most well-studied functions of Notch signaling throughout the brain is its role 
in coordinating the proneural network (reviewed by: (Pierfelice et al., 2011)). Many genes 
involved in this process are also bHLH transcription factors falling into a number of families. 
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Commonly, genes studied are grouped into families including the oligo, neuroD, Neurogenin, 
and achate-scute family (Barton and Fendrik, 2013; Casarosa et al., 1999; Murai et al., 2011). 
While many focus on its role in neurogenesis, it is important that many of these factors that have 
been deemed as “proneural” can just as easily be defined as “pro-differentiating”. For example 
factors such as NeuroD1 and NeuroD2 are involved in differentiation of endocrine secreting 
cells of the developing pituitary gland and pancreas (Davis et al., 2010; Gasa et al., 2008). As 
discussed previously, Notch signaling activation results in active repression of these genes 
(Sasai et al., 1992) and in order for Notch to activate, a neighboring cell must be expressing an 
associated ligand, a phenomenon called lateral inhibition. Cleverly, proneural genes such as 
Mash1, Ngn2, and others have been shown to induce Notch ligand expression, thus preventing 
further expression of receptor, in turn allowing a cell to exit the cell cycle to differentiate (Barton 
and Fendrik, 2013; Ma et al., 1996; Wang et al., 2011). Expression of a number of these bHLH 
factors occurs early in development, typically slightly before functional neurogenesis occurs. In 
the mouse hypothalamus, it has been shown that Mash1/Ascl1 expression is induced between 
E8.0 and E9.5, coinciding perfectly with expression of Notch ligands and receptors (Ware et al., 
2014). Likewise, this is observed at HH10 in the chick and 12 hours post-fertilization (hpf) in the 
zebrafish presumptive hypothalamus (Allende and Weinberg, 1994; Ratié et al., 2013). 
Interestingly, this is slightly earlier than what is generally accepted, at least in the mouse, as the 
neurogenic window (Ishii and Bouret, 2012; Shimada and Nakamura, 1973). Rather, it has been 
suggested that while the majority of functional neurogenesis occurs slightly later, early Notch 
signaling and regulation of bHLH factors involved in fate neurogenesis of the nTPOC and nMTT 
(Ware et al., 2014). Further studies should follow up on this suggestion and indeed show that 
Notch signaling is also involved in the development of these pioneering neurons in these areas 
of the hypothalamus. Taken together, this offers further evidence for the claim that Notch 
signaling is intimately associated with neurogenesis and differentiation in the hypothalamus. 
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 Development of neuropeptide secreting neurons has been studied in great detail for 
decades. In multiple areas of the murine hypothalamus, the peak neurogenic window has been 
hypothesized to occur between E10.5 and E13.5 (Ishii and Bouret, 2012) and follows an “inside-
out” pattern of differentiation. It is important to note, however, that not all hypothalamic nuclei 
are created equal, and that the timing of this varies depending on the nucleus in question (Ishii 
and Bouret, 2012). Interestingly, neurons of specific neuropeptide content in at least one 
nucleus appear to show no major temporal regulation (Biehl and Raetzman, 2015). Thus, we 
can conclude that Notch signaling during early neurogenesis simply acts to promote 
differentiation and allows other additional transcription factors to promote a more concrete, 
committed lineage specification. Though it has been discussed and shown that Notch signaling 
and transcriptional factors it regulates are involved in early fate decisions, it is important to recall 
that Notch signaling occurs well into the postnatal window and, given its naturally occurring 
oscillatory nature, can be involved at multiple steps in the developmental process. In other 
organ systems such as the pituitary gland, this phenomenon has been observed such that 
Notch signaling acts to promote differentiate endocrine secreting cells of the Prop1 lineage 
while preventing development of corticotrope and gonadotrope precursor cells (Goldberg et al., 
2011). However, it is also necessary for late maturation of mature melanotropes, suggesting it is 
acting at multiple points throughout differentiation. A similar phenomenon is observed in the 
hypothalamus, as active Notch signaling prevents neurogenesis but is also necessary at some 
level for the formation of kisspeptin neurons of both the ARC and AVPV (Biehl and Raetzman, 
2015). These observations lend additional credence to the thought that caution and careful 
consideration need be taken when studying and manipulating factors of the Notch signaling 
pathway. 
 Finally, although the majority of neurogenesis in the hypothalamus occurs during the 
developmental window, it has been reported that this process can occur well into the postnatal 
window, too (Lee et al., 2012; S.C. Robins et al., 2013). As indicated above, progenitor cells are 
	
10	
maintained in the HVZ and are actively proliferating, albeit much less rapidly during 
embryogenesis (Aujla et al., 2013). Interestingly, these cells are located near the circulating 
CSF and are in intimate contact with functional, differentiated cellular subtypes which sample 
and respond to changes in the CSF (Krisch and Leonhardt, 1978; Scott and Paull, 1979).  It has 
been shown previously that hypothalamus is rather responsive metabolic stresses, and by BrdU 
birth dating there appears to be an appreciable level of neurogenesis namely in the area of the 
median eminence (ME) (Lee et al., 2012). Given that this region of the hypothalamus maintains 
expression of Notch signaling components, downstream targets, and is still proliferative into the 
postnatal window, one may suppose that Notch signaling may be playing a role in this process. 
This is plausible, as it has been shown that hypothalamic progenitors isolated from the late rat 
embryo are responsive to metabolic cues such as leptin and insulin and may activate Notch 
signaling (Desai et al., 2011). Further studies on the effects of Notch manipulation in this region 
of the brain later in development will be of interest and may be paramount in our understanding 
in neuronal regulation of certain diseases states such as metabolic disorder.  
  
Role of Notch in development of glial subtypes 
 Despite neurons of the brain being classically considered the most important functional 
cellular subtype of the brain, it is indeed glial cells which are found in the highest abundance 
throughout nearly all areas of the brain, including the hypothalamus (Lawson et al., 1990; Lolait 
et al., 1983). While once considered to be passive support cells of the brain, a great deal of 
emerging work has supported the notion that glial cells are equally as important in regulation of 
a number of cellular processes within the brain and are much more active in their support and 
regulation of neuronal function. Glial cells can be divided into multiple subclasses including: 
astrocytes, oligodendrocytes, microglia and tanycytes (Lawson et al., 1990; Lolait et al., 1983; 
Melcangi et al., 1988; Scott and Paull, 1979; Vigh et al., 1967). Similar to neurogenesis within 
the hypothalamus, the major gliogenic window happens during a defined window in 
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development (Marsters et al., 2016; Shimogori et al., 2010), but persists into postnatal life and 
can respond as well to insult (Sarah C. Robins et al., 2013b). Additionally, hypothalamic 
tanycytes found within the HVZ resemble radial glial cells of development and can give rise to 
many, if not all of the functional cell types of the hypothalamus (Lee et al., 2012). 
 The main gliogenic event in the hypothalamus occurs much more broadly, roughly 
between E13.5 and E18.5, with a bit happening in the early neonatal window (Marsters et al., 
2016). As discussed above, gliogenesis also occurs into the postnatal window to a lesser 
extent, as well. Much like neurogenesis, gliogenesis occurs initially with the formation of OPCs 
expressing factors such as Sox9 and then slightly maturing to express factors such as Olig1/2 
(Hashimoto et al., 2016; Nery et al., 2001; Stolt et al., 2003; Yamauchi et al., 2010). These 
OPCs can then receive additional cues to bias their lineage towards one of the different function 
glial subtypes found within the hypothalamus, be it towards an oligodendrocytic or astrocytic 
lineage (Langseth et al., 2010; Medina-Rodríguez et al., 2013; Petryniak et al., 2007; Zhang et 
al., 2014; Zhao et al., 2010). In other regions of the brain, Notch signaling is intimately 
associated with SOX9 expression and is hypothesized to play a major role in the neurogenic to 
gliogenic switch (Stolt et al., 2003; Vong et al., 2015). In vivo, it has been established that loss 
of Ascl1/Mash1, one of the proneural factors repressed by activated Notch signaling, in the 
embryonic window resulted in significantly more Olig2-positive oligodendrocytic precursor cells 
within the mantle zone (MZ) of the developing tuberal hypothalamus (Marsters et al., 2016). 
However, a similar loss of another important proneural factor regulated by Notch signaling, 
Neurogenin2, resulted in no change in OPC formation. One interpretation of these data are that 
Ascl1 restricts formation of OPCs; however, the authors also suggest the possibility that loss of 
the proneural factor Ascl1 results in a failure of neurogenesis which instead results in 
precocious formation of OPCs. Nevertheless, this study provides key evidence for the role of 
Notch signaling in OPC generation and formation of glial lineages. 
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 Another glial cell type of the hypothalamus that has become of major interest in the field 
of developmental biology are hypothalamic tanycytes (Krisch and Leonhardt, 1978; Scott and 
Paull, 1979). These cells mostly resemble undifferentiated radial glia but are maintained into 
adulthood and respond to external stimuli (Balland et al., 2014; Lee et al., 2012; Osterstock et 
al., 2014; Rizzoti and Lovell-Badge, 2017; S.C. Robins et al., 2013). These cells reside within 
the HVZ in the region of the hypothalamus where Notch signaling is still active and are divided 
into 4 different categories: a1, a2, b1, and b2. A number of studies aimed to understand the 
function and properties have been conducted and it appears that it is agreed upon that each of 
these populations, while subtly expressing different factors, are all responsible to the circulating 
CSF and can proliferate and differentiate into different neuronal subtpyes (Campbell et al., 
2017). Interestingly, at least a-tanycytes grow in an FGF-responsive niche and can rapidly form 
neurospheres, speaking to their progenitor-like quality (S.C. Robins et al., 2013). Two factors 
which appear to be critical for tanycytic identity and maintenance are the transcription factors 
Rax and Lhx2 (de Melo et al., 2016; Miranda-Angulo et al., 2014; Salvatierra et al., 2014). Rax 
expression appears necessary for tanycytes and is found within each population, and in vivo 
models of Notch manipulation suggest that active Notch signaling in the HVZ results in increase 
Rax expression (Aujla et al., 2013). Moreover, loss of Notch signaling ablated Rax and likely 
resulted in a failure to maintain tanycytes within the ARC. Another factor, Lhx2, has been shown 
to be important in the developing retina and hypothalamus and has indeed been shown to be a 
critical factor involved in gliogenesis and Notch signaling, as genetic ablation of Lhx2 expression 
resulted in reductions in Notch signaling components and other tanycytic markers such as Rax 
(de Melo et al., 2016). Thus, it would appear that, while Notch signaling may not regulate Lhx2 
expression, it is necessary for Lhx2 to drive expression of Notch components to potentially 
maintain hypothalamic tanycytes of the HVZ through Rax. Further studies have characterized a 
large body of novel factors present within each of the subpopulations of tanycytes (Campbell et 
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al., 2017) and future studies to determine Notch regulation of each of these studies will be 
interesting to better understand its role in promoting and maintaining tanycytic identity. 
 
Future techniques for uncovering Notch signaling in hypothalamic progenitor cells 
 Given the vast variety of functions discussed above that Notch signaling is involved in 
regulating, understanding its exact role in any of these processes can be extraordinarily difficult. 
Despite all of the challenges, many groups have employed numerous different in vitro models in 
an attempt to study development of hypothalamic cellular subtypes. As discussed previously, at 
least one group has utilized a hypothalamic neurosphere model grown from progenitor cells of 
the HVZ (S.C. Robins et al., 2013). Desai, et al. reports that in highly proliferative states (e.g. 
the presence of FGF and EGF signaling) exogenous metabolic factors such as leptin and insulin 
signaling result in Notch signaling activation which indeed may play into further growth and 
proliferation by mechanisms discussed above (Desai et al., 2011). However, when growth 
factors were removed, these same metabolic signals promoted differentiation of both neurons 
and glia, perhaps through Notch signaling as well. Given its role in multiple pathways, it appears 
highly plausible that during developmental windows of high expression of proliferative factors, 
Notch signaling may act to maintain progenitors and prevent differentiation, and during low 
growth conditions, may be involved in differentiation fate decisions akin to observations in vivo. 
It is important to recognize the timing and age of the model system used, and consider that 
epigenetic changes in this later developmental window may not fully recapitulate in vivo 
development. 
 Another method utilized more recently has been the approach of utilizing inducible or 
human pluripotent stem cells (iPSCs/hPSCs, respectively) and manipulating multiple signaling 
pathways and media conditions in order to promote neurogenesis (Wang et al., 2016, 2014; 
Yamada-Goto et al., 2017). Similar to in vivo observations, factors such as SHH are necessary 
for the expression of Nkx2.1 and other factors associated with neuronal progenitors; however, 
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for a brief time Notch signaling is inhibited in order to promote a robust Nkx2.1 lineage, which 
may not perfectly parallel early hypothalamic development based on expression studies of 
Notch signaling ligands and receptors in the presumptive diencephalon (Ware et al., 2014). 
Nevertheless, this protocol can be expanded out further with additional Notch inhibition to 
generate multiple neuronal subtypes of the hypothalamus (Wang et al., 2014). Interestingly, it 
has been shown that neurons associated with energy homeostasis and control of reproductive 
function found within the hypothalamus are functional and respond to signals which would be 
found in a normal in vivo setting. Not only do these functional neurons respond to these cues by 
activating cell intrinsic signaling pathways, they also release proper neuropeptide in response 
which has powerful implications in the field of therapeutics and regenerative medicine (Wang et 
al., 2014). Excitingly, iPS cell lines were derived from patients with Bardet-Biedl Syndrome and 
successfully generated functional hypothalamic ARC neurons and offer the possibility of stem 
cell replacement therapy with minimal risk of graft-versus-host diseases.  Clearly more work in 
this field has the potential to address and treat other disorders with hypothalamic origin and it 
will be exciting moving forward to determine the ability of researchers to derive other cellular 
subtypes from hPSCs or iPSCs.  
 
Concluding remarks 
 This mini-review has served to highlight the importance of Notch signaling at multiple 
stages of development of the hypothalamus in several contexts. While a number of signaling 
pathways can occasionally be thought to be involved in a small subset of cellular processes, it is 
always important to fully appreciate the widespread cellular effects that can occur as the result 
of signaling pathway manipulation. It also serves to emphasize the complexity and elegance of 
coordination involved throughout development necessary for proper formation of the 
hypothalamus and all of its components. We have discussed the role that Notch signaling has 
throughout hypothalamic development, beginning with early patterning and following through its 
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role in early and late fate decisions of multiple cell types, as well as the roles it may be playing 
in vitro. Furthering our understanding of the processes that Notch signaling is involved in as well 
as the timing at which each of these events occurs can have powerful implications in 
understanding and treating/preventing multiple human health disorders including but not limited 
to obesity, metabolic disorder, and infertility. Moving forward, these findings should be taken 
together when designing experiments and diving deeper into the complexity of Notch signaling 
manipulation on different hypothalamic cellular sub-contexts in attempts to better understand 
mechanistically how one signaling pathway can be involved in so many cellular processes. 
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Chapter 2 - Developmental origins of hypothalamic cells controlling reproduction 
 
Abstract 
 The hypothalamic-pituitary-gonadal (HPG) axis is the critical modulator of reproductive 
function. Genetic or environmental insults to the HPG axis during developmental windows can 
persist into adulthood, and processes like gonadal hormone synthesis, timing of puberty and 
fertility can be affected. At the level of the hypothalamus, multiple regions develop at different 
times and are under the control of a concert of signaling pathways and transcription factors 
required for their patterning and maturation. In this review, we highlight factors and pathways 
involved in specification and ultimate differentiation of neuronal and other cellular subtypes of 
the hypothalamus contributing to the HPG axis. Specifically, we discuss development of the 
arcuate (ARC) and anteroventral periventricular (AVPV) nuclei, as well as forebrain 
development as it relates to reproductive function. Precise control of kisspeptin and 
Gonadotropin Releasing Hormone neuron, as well as tanycyte, development is necessary for 
understanding and ultimately treating developmental disruptions resulting in infertility. 
____________________________________________________________________________ 
*Biehl MJ and Raetzman LT. “Developmental Origins of Hypothalamic Cells Controlling  
Reproduction”. Semin Reprod Med. 2017 Mar;35(2):121-129. doi: 10.1055/s-0037-
1599083. 
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Structure and Function of the Hypothalamus 
Of each of the innumerable fundamental duties orchestrated by the mammalian brain, 
one of the most essential to life is biological homeostasis. Control of processes including, but 
not limited to, energy balance, thirst, temperature, sleep, reproductive function, and circadian 
rhythms are regulated by one particularly small region on the ventral surface of the 
diencephalon: the hypothalamus (Elson and Simerly, 2015; Pinilla et al., 2012; Ralevski and 
Horvath, 2015). Owing to its location in the brain, the hypothalamus carries each of these 
actions out via the release of specific, well-defined neuropeptides produced by an assortment of 
neuronal subtypes to either to stimulate the pituitary gland (appropriately dubbed the “master 
gland”) to signal to peripheral tissue via release of pituitary hormones into the hypophyseal 
portal blood system (Pinilla et al., 2012; Sasaki and Iwama, 1988) or by sending projections to 
other regions of the brain to communicate with other subsets of functional neurons (Renaud, 
1976). In order to rapidly respond to the ever changing cellular environment of highly complex 
biological systems, functional cellular subtypes are dependent upon the ability to sample the 
external environment to adjust accordingly (Seoane and Baile, 1975). This is achieved due to 
one of many unique characteristics of the hypothalamus in that it is not fully protected by the 
blood-brain barrier as is the majority of the rest of the brain (Ugrumov et al., 1983). Instead, the 
collaborative effort of ciliated ependymal cells, hypothalamic tanycytes, and other glial cells 
sample circulating nutrients within cerebral spinal fluid (CSF) which would otherwise be 
inaccessible and relay vital information back to functional neurons in order to maintain each of 
the previously discussed homeostatic processes within physiological range (Hoffman and 
Phillips, 1976). Given the complexity, necessity for rapid response, and multitude of players 
involved in fine-tuning, it is undoubtedly critical to understand the molecular mechanism and 
underlying signaling pathways necessary for development of neurons as well as other cell types 
within the hypothalamus.  
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 Hypothalamic control of reproductive development and function is regulated mainly by 
two major subsets of neurons: Kisspeptin and gonadotropin-releasing hormone (GnRH) neurons 
(Figure 2.1) (Gottsch et al., 2004; Messager et al., 2005; Navarro et al., 2004). The kisspeptin 
neurons are found primarily in distinct nuclei within the hypothalamus, namely the arcuate 
nucleus (ARC) and anteroventral periventricular nucleus (AVPV) (Jeremy T Smith et al., 2005). 
The importance of the development and function of kisspeptin neurons to reproduction is 
evident as humans with mutations in kisspeptin receptor (KISS1R or GPR54) have 
hypogonadotropic hypogonadism (de Roux et al., 2003; Funes et al., 2003; Seminara et al., 
2003). The ARC houses one of the populations of kisspeptin neurons that are expressed early 
in development and persist into adulthood and also houses neurons involved in energy 
homeostasis (Desroziers et al., 2012; Yeo et al., 2016). The location of the ARC in proximity to 
the median eminence (ME) allows these neurons to communicate with both projections from 
GnRH neurons (d’Anglemont de Tassigny et al., 2008) as well as the portal blood supply to the 
pituitary gland, thus acting as one mechanism of control of the hypothalamic-pituitary-gonadal 
(HPG) axis (Figure 2.1). Interestingly, this population of kisspeptin neurons makes kisspeptin as 
early as embryonic day (E)16.5 (Kumar et al., 2015b). While this population is expressed very 
early in development, it is worth noting that regulation of the Kiss1 gene via circulating sex 
steroids is inhibitory (Jeremy T Smith et al., 2005; Jeremy T. Smith et al., 2005). It remains 
unclear the reason this occurs, but it has been postulated to play a role in the generation of 
GnRH pulses (Navarro et al., 2009; Okamura et al., 2013; Qiu et al., 2016). 
Finally, kisspeptin neurons of the ARC are unique in that they co-express the peptides 
neurokinin B (Tac3 in humans, Tac2 in rodents) and dynorphin (Pdyn) (Goodman et al., 2007). 
These peptides act in an auto-excitatory or –inhibitory fashion to stimulate kisspeptin release 
and modulate GnRH pulses (Navarro et al., 2009). Within the human population, mutations in 
the TAC3 or TAC3R gene have been linked to a failure to stimulate GnRH release from an early 
age (Young et al., 2010). Not surprisingly, this lack of stimulation is tied to hypogonadotropic 
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hypogonadism resulting in underdeveloped sex organs and severe reproductive consequences  
(Topaloglu et al., 2009). 
 The other nucleus of interest within the hypothalamus in regards to reproductive function 
is the AVPV. This particular nucleus is found within the preoptic area (POA) of the 
hypothalamus is interestingly one of the few sexually dimorphic nuclei, containing a larger 
number of cells in females versus males (Davis et al., 1996; Simerly, 1989). The main role of 
the AVPV is to act as a generator of the LH surge in females in response to circulating 
estrogens (Robertson et al., 2009). A population of estrogen receptor (ER)a-expressing 
kisspeptin neurons communicate with GnRH neuron cell bodies found within the POA to 
stimulate release of GnRH to the anterior pituitary gland (Figure 2.1) (Clarkson and Herbison, 
2006; Mayer et al., 2010; Yeo and Herbison, 2011). The AVPV is found very near the 3V, 
making it unique in that it can directly respond to the CSF and quickly regulate homeostasis 
(Orikasa et al., 2002). Similar to as observed and discussed within the ARC, Kiss1 expression is 
potently regulated by circulating sex steroids in the AVPV. However, the level of regulation is 
opposite of that in the ARC: instead, Kiss1 expression is robustly induced by estradiol in the 
AVPV (Kauffman et al., 2007). Kisspeptin neurons of the AVPV also differ from the ARC in that 
instead of projecting on to axonal projections at the level of the ME, instead they synapse 
mainly on the soma of close neighboring GnRH neurons found throughout the AVPV and POA 
(Yeo and Herbison, 2011; Yip et al., 2015). Proper development and formation of this subset of 
neurons is critical for the timing of onset of puberty and is especially important in females to 
control ovulation (Dubois et al., 2015). Despite the fact that there are two different 
subpopulations of kisspeptin neurons within the hypothalamus, little is known about the cues 
mediating their development and if these cues have overlap between the two distinct 
populations. The current state of information regarding development of these neurons is 
discussed below. 
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Factors and Signaling Pathways Involved in Early Development of the Hypothalamus 
 During the early developmental window, unspecified neuroectoderm is initially 
segmented into the prosencephalon, mesencephalon, and rhombencephalon giving rise to 
structures found within the forebrain, midbrain, and hindbrain, respectively (Stiles and Jernigan, 
2010). Forebrain specification is further divided into the telencephalon, which becomes the 
cerebral cortex and the basal ganglia (Hasenpusch-Theil et al., 2015), and the diencephalon, 
which gives rise to structures of the thalamus and hypothalamus (Potok et al., 2008). One 
critical transcription factor for early identification of diencephalon identity which is excluded from 
neighboring tissue such as the developing retina or pituitary gland is Nkx2.1, which is detected 
as early as embryonic day 8.5 (E8.5) in the rodent (Takuma et al., 1998). Equally important, 
ventralization of the specified diencephalon relies on intrinsic Sonic Hedgehog (SHH) signaling 
to aid in specification between hypothalamus and thalamus and occurs beginning at E9.5 
(McCarthy et al., 2001). Following ventralization of the diencephalon, additional molecular 
markers are expressed at varying levels along the ventral surface and are hypothesized to play 
an important role for development of the multitude of hypothalamic nuclei (Dale et al., 1997; 
Rohr et al., 2001). For example, the posterior hypothalamus and nuclei including the mamillary 
and supramamillary nucleus express the markers Foxb1 and Irx5 as early as E12.5 
respectively, whereas areas such as the ventromedial hypothalamus (VMH) expresses the 
transcription factor Nr5a (Ikeda et al., 1995; Shimogori et al., 2010; Zhao et al., 2007). 
Additionally, a number of factors from the LIM homeobox family of proteins also play a very 
important role in delineating discrete regions of the hypothalamus. Specific factors include Lhx1, 
Lhx6, Lhx8, and Lhx9 and the following identified molecular markers can help understand 
development of each area individually as well as aid in studying diseases associated with the 
function of each respective nucleus (Shimogori et al., 2010).  
 Neurogenesis within the hypothalamus occurs between E10.5 and E16.5 in the rodent 
(Altman and Bayer, 1978; Ishii and Bouret, 2012). Though the window of neurogenesis is 
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somewhat broad, specific hypothalamic nuclei each have a narrow peak of neurogenesis, 
typically between E11.5 and E13.5 (Ishii and Bouret, 2012). This process is similar to other 
areas of the brain, and is hypothesized to follow an “inside-out” progression. Upon completion of 
embryonic neurogenesis, hypothalamic gliogenesis occurs, beginning at approximately E15.5 
and continues until the day of birth, postnatal day (P)0 (Shimogori et al., 2010). During these 
critical windows of development, hypothalamic progenitor cells of the HVZ must respond to an 
assortment of signaling molecules to instruct a cell to adopt one of several fates. Namely, a 
common progenitor will need to either proliferate and remain a progenitor cell, adopt a 
differentiated fate, or be instructed to induce programmed cell death (Alvarez-Bolado et al., 
2012). Factors induced by SHH expression such as Bmp7 and Tbx2 are critical for progenitor 
maintenance and proliferation during early development, preventing the differentiation process 
(Alvarez-Bolado et al., 2012). Importantly, not only must progenitors receive instructional cues 
to exit the cell cycle and being differentiating, but there are brief windows of developmental 
overlap where a progenitor is not restricted to adopt a progenitor-to-neuron or progenitor-to-glial 
choice, but can adopt either of the three of these terminal choices (Dvorak and Feit, 1978). 
Thus, not only are signaling pathway and transcription factors present during these critical 
windows especially important to maintain the balance between neurons, glia, and progenitors 
which persist into the postnatal window, but their temporal expression can have differential 
effects depending upon when they are expressed during the developmental process. For 
instance, in vivo evidence suggests that factors such as Sim1, Arnt1, and Otp play roles critical 
to progenitor proliferation and maintenance, but are equally important in specific cell fate 
specification (Acampora et al., 1999; Brown et al., 2001; Lavado et al., 2008).  
 Each functional cellular subtype of the ventral hypothalamus has been suggested to 
arise from a common Nkx2.1 expressing progenitor pool (Yee et al., 2009). However, this is not 
the only factor these progenitors express. In fact, two major transcription factors of the sex 
determining region (SRY)-box (SOX) family of factors are expressed within the hypothalamus 
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and are hypothesized to be essential for maintaining cellular pluripotency, a hallmark of 
progenitor cells during the embryonic period (Takahashi and Yamanaka, 2006). Interestingly, 
within the hypothalamus, SOX2 has also been shown to play a very critical role in forebrain 
development, the tissue which gives rise to the diencephalon (Kelberman et al., 2008). Very few 
studies have explored SOX9 expression within the ventral hypothalamus. Though it is detected, 
it’s function has yet to be clearly established (Mead et al., 2013). Although these two factors are 
clearly critical for progenitor maintenance and prevention of neurogenesis during the window 
described above, differentiation becomes more complicated given that immature neurons 
require additional factors in order to differentiate into neurons of very specific neuropeptide 
content.  
 While many of the above factors are critical to progenitor maintenance, there are also 
important proneural factors that are necessary for the induction of neuronal differentiation within 
the hypothalamus. Namely, three candidates of the basic helix-loop-helix (bHLH) family Mash1, 
Neurogenin2, and NeuroD1 have been reported to all play a role in fate selection towards a 
neuronal lineage as opposed to remaining an undifferentiated progenitor cell (Casarosa et al., 
1999; D’Amico et al., 2013; Wang et al., 2001). Each of these three genes are intimately 
associated with the Notch signaling pathway, which has been shown in both the brain and 
several other organ systems to not only act to maintain progenitors in an undifferentiated state, 
but also plays a dual role in selecting specific sub-fates along multiple stages of differentiation 
(Yamamoto et al., 2001). Additional pathways such as Wnt signaling have been implied in 
hypothalamic neurogenesis, specifically through Lef1 (Lee et al., 2006). 
 
Development of Arcuate (ARC) Kisspeptin Neurons 
 Kisspeptin neurons of the ARC are born starting at E11.5 (Biehl and Raetzman, 2015) 
and kisspeptin positive cells are detected as early as E13.5 in the mouse and E16.6 in the rat 
(Desroziers et al., 2012; Knoll et al., 2013; Nishizuka et al., 1993). Shortly after, they project on 
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to axonal projections of GnRH expressing neurons at the level of the median eminence (ME), 
whereby they control GnRH release into the portal blood to stimulate the pituitary gland (Kumar 
et al., 2014; Kumar and Boehm, 2014). These connections form in utero, suggesting that 
neuronal connections of the HPG axis begin far before reproductive maturity (Kumar et al., 
2015a, 2015b).  
While a number of these genes important for neuronal differentiation have been well 
established, critical factors necessary for some neuronal subtypes remain elusive. A gene 
critical to Kiss1 expression specifically in the ARC is the nuclear receptor liver receptor 
homolog-1 (Lhr1 or Nr5a2) (Atkin et al., 2013). Nr5a2 loss of function in kisspeptin neurons 
leads to reductions in Kiss1 mRNA and subfertility in mice. One signaling pathway that has 
been shown to play a role in development of kisspeptin neurons of the ARC is the Notch 
signaling pathway (Biehl and Raetzman, 2015). Notch signaling is an evolutionarily conserved 
developmental signaling pathway that has been implied in progenitor maintenance and 
neurogenesis within the ARC, such that active Notch signaling appears to prevent neurogenesis 
and genetic loss results in a premature neuronal burst (Aujla et al., 2013). Interestingly, loss of 
Notch signaling also results in a loss of kisspeptin neurons of the ARC, suggesting this neuronal 
subset relies on Notch signaling for formation. Additionally, neurons involved in energy 
homeostasis have been shown to develop through an early Pomc expressing intermediate cell 
(Padilla et al., 2012, 2010). This led to the hypothesis that kisspeptin neurons may also develop 
through a common Pomc-expressing intermediate. It has been reported that this is indeed the 
case, that a large subset (potentially all) kisspeptin expressing neurons of the ARC first express 
Pomc as they develop (Figure 2.1) (Biehl and Raetzman, 2015; Sanz et al., 2015). These data 
suggest that Notch signaling may act as a fate selector for kisspeptin neurons. 
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Development of Kisspeptin Neurons of the Anteroventral Periventricular Nucleus (AVPV) 
Another subset of kisspeptin neurons present within the brain are those found in the 
AVPV (Han, 2005; Jeremy T Smith et al., 2005; Smith et al., 2006). This region of the brain is 
found more rostral than the ARC and interestingly is sexually dimorphic, with females having a 
structurally larger area with more cells present (Figure 2.1) (Clarkson and Herbison, 2006; 
Simerly, 1989). It is hypothesized that programmed cell death is the key contributor to the 
sexual dimorphism of the AVPV, and may be mediated by expression of Bax during the 
developmental window (Forger et al., 2004; Semaan et al., 2010). In fact, knockout models of 
Bax in the rodent show that sexual dimorphism is completely eliminated, further providing 
evidence for this hypothesis. Additionally, there exists a sex-difference in levels of Bcl-2 and 
caspase-3-immunoreactive fibers, suggesting that induction of apoptosis may be, in part, 
initiated through the mitochondrial pathway (Tsukahara et al., 2006). Though Bax regulation of 
cell death is the major contributor to the observed sexual dimorphism, it is important to note that 
it does not play a role specifically in development of kisspeptin neurons of the AVPV (Semaan 
et al., 2010). This is markedly different in the ARC, suggesting some mechanistic heterogeneity 
in development of different kisspeptin subpopulations. 
The precise timing of kisspeptin neuron development in the AVPV is less clear than that 
of the ARC. Sensitive methods such as qPCR and in situ hybridization are able to detect Kiss1 
gene expression as early as P10 (Cao and Patisaul, 2011). However, clear visualization of 
these cell bodies and projections are typically closer to the onset of puberty (Gill et al., 2010; 
Takumi et al., 2011). The neurons are likely born prenatally, however, and have a delay in 
initiation of kisspeptin expression (Nishizuka et al., 1993). While the kisspeptin population found 
within the ARC share a common Pomc expressing lineage, similar studies have shown that 
those found in the AVPV do not arise from this lineage (Sanz et al., 2015). This further 
differentiates these two populations from a developmental standpoint yet does not discount the 
potential for a common mechanism to instruct differentiation. While the ARC population of 
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kisspeptins express neurokinin B and dynorphin, a large population of those within the AVPV 
instead co-express the enzyme tyrosine hydroxylase (TH) (Clarkson and Herbison, 2011; 
Kauffman et al., 2007). It is important to note that there are many TH-positive neurons present 
which do not co-express Kiss1 (Kauffman et al., 2007). This may suggest that instead of 
proceeding through a Pomc expressing intermediate progenitor, kisspeptin neurons of the 
AVPV instead arise from a TH expressing intermediate. Factors such as Lmx1a and Sim1 are 
critical for TH neuronal differentiation as well as signaling molecules such as SHH (Kwon et al., 
2014; Roybon et al., 2008). It would be interesting to determine if a common signaling pathway 
can link differentiation of both subsets of kisspeptin neurons such that intermediate fates are 
selected towards a Kiss1 lineage.  
 It is important to note that both the ARC and AVPV have been the target of many studies 
exploring the effects of exogenous compounds on development and function of this region. 
Namely, the focus of many of these studies are on xenoestrogens and other endocrine 
disrupting chemicals (EDCs). In several rodent models, EDCs such as bisphenol-A, dibutyl 
phthalate, polychlorinated biphenyls and other selective estrogen receptor modulators (SERMs) 
have been shown to have profound reproductive deficits ranging from alterations in the estrogen 
induced LH-surge to irregular estrus cyclicity (For detailed reviews, see: (Gore, 2008; Patisaul, 
2016, 2013; Walker and Gore, 2016)) . Interestingly and importantly, these effects are seen in 
both females and males, raising a major concern about the toxicity of these compounds and 
their impact on fertility. 
 
Development of the GnRH Neurons in the Olfactory Bulb (OB) 
 The olfactory bulb arises from the early telencephalon in the most rostral portion of the 
developing rodent brain (Bhattacharyya et al., 2004; Verwoerd and van Oostrom, 1979). This is 
the case for humans, as well; however, rodent models and other animals relying heavily on 
smell for survival have a more exaggerated structure. Early development of the OB is patterned 
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and instructed through a number of developmental genes. Namely, those of the LIM-only family 
Lmo1 and Lmo3 have been shown to be important factors in OB and rostral telencephalonic 
identity (Hinks et al., 1997). Additionally, the closely related genes Gsh1 and Gsh2 appear to 
play important roles in proper formation of the OB, as Gsh2 mutant mice show a mild OB 
developmental phenotype whereas Gsh1/2 double-mutants show a far more severe phenotype 
(Stenman et al., 2003; Toresson and Campbell, 2001). Other genes from the BMP family of 
secreted proteins, namely Bmp4 and Bmp7, are expressed as early as E15.5 and are critical in 
formation of the OB, while Bmp6 is expressed later in development and is vital for maturation of 
the olfactory system (Peretto et al., 2002). While the OB does not share an exact identity as 
other diencephalonic tissue destined to become the hypothalamus, there is some overlap in 
genes involved in its development including those of the Pax and LIM families (Osorio et al., 
2005; Stoykova et al., 1996). 
 While reproduction is controlled by the HPG axis, it is important to note that GnRH 
neurons are not diencephalonic in origin (Figure 2.1) (el Amraoui and Dubois, 1993; Forni et al., 
2011). Instead, these neurons develop from the underlying olfactory placode (OP), migrate to 
the olfactory epithelium (OE), and then migrate caudally into the hypothalamus, distributed 
throughout the AVPV and POA (Lee et al., 2007; Wray et al., 1989). The importance of OB 
development to reproduction in humans is highlighted in patients with Kallmann Syndrome (KS) 
(Rugarli et al., 1993). One striking phenotype associated with KS is that a large portion of 
patients present with anosmia owing to perturbed OB development, whereas the observed 
infertility is due to impaired maturation or migration of GnRH neurons. In rodents, at E11.5, most 
GnRH neurons are found in the developing OB and by E16.5, nearly all neurons have migrated 
to the developing hypothalamus (Lee et al., 2007; Simonian and Herbison, 2001). Interestingly, 
this is around the time that kisspeptin neurons of the ARC develop, perhaps suggesting a link 
between these events.  
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By studying KS in humans, it is clear that FGF signaling is important for GnRH neuron 
development. Loss of function mutations in the ligand FGF8, the receptor FGFR1 or the heparin 
sulfate proteoglycan associated protein anosmin-1 (product of KAL1 gene) all result in KS. In 
mice, abrogated FGF8 or FGFR1 signaling leads to loss of the olfactory bulb and a reduction in 
hypothalamic GnRH neurons (Chung et al., 2008; Hébert et al., 2003; Tsai et al., 2005). 
Additionally, mutations in the ligand PROK2 and the receptor PROKR2 cause KS in humans 
and mouse models show disruption of GnRH neuronal migration and reproductive abnormalities 
(Matsumoto et al., 2006; Pitteloud et al., 2007). Many other genes have been identified as 
playing a critical role in GnRH neuron migration through analyzing KS patients as well as mouse 
mutants, including FEZF1 and CCDC141(Kotan et al., 2014). Additional chemoattractants and 
repellants work together to promote correct migration such as BDNF and Sema-3a (Cariboni et 
al., 2011; Cronin et al., 2004). Following migration into the hypothalamus, GnRH neurons then 
send axonal projections caudally into the ME dorsal to the ARC (Herde et al., 2013; Yeo and 
Herbison, 2011), where they then release their neuropeptide to stimulate the pituitary gland. 
Similar to disruptions in migration, errors in GnRH projections result in a similar 
hypogonadotropic hypogonadism phenotype. It is important to note that GnRH neurons have an 
independent developmental program from the kisspeptin neurons, although they do influence 
maximal kisspeptin levels in female rodents (Kim et al., 2013). 
 
Other Cellular Subtypes of the Hypothalamus Involved in Reproduction 
While neurons are considered to be the major functional cell type of the brain and within 
the hypothalamus, additional cellular sub-types that are derived from the common progenitor 
pool play equally important roles in maintenance of homeostasis by communicating information 
from the CSF or bloodstream to neurons in the underlying parenchyma (Severi et al., 2013). 
Ependymal cells of the HVZ line the entirety of the 3V and are interspersed with hypothalamic 
tanycytes (Miranda-Angulo et al., 2014). Their apical surface is ciliated and one of their major 
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roles in both the sampling and movement of CSF via beating movement back and forth(Al 
Omran et al., 2015). Additionally, they possess microvilli which can absorb nutrients within the 
CSF and attach to astrocytes for further processing (Al Omran et al., 2015). Hypothalamic 
tanycytes are also found within the HVZ and are unique in that they somewhat resemble 
ependymal or glial cells; however, their cell bodies are restricted mainly to areas of the more 
central and posterior hypothalamus, namely near the level of the ME (Langlet et al., 2013). 
Ependymal cells arise from a Foxj1 expressing progenitor (Zhang et al., 2007). While 
these cells arise from a FOXJ1 lineage, it is important to note that several other factors and 
signaling pathways play a critical role for their development and maintenance. Both the SHH 
pathway and the Hippo pathway through Gli3 and Yap expression, respectively, have both been 
demonstrated to play an important role in formation of the ependymal lineage (Park et al., 2016; 
Yu et al., 2013). There is also a body of evidence suggesting that the Notch signaling pathway 
can play a role in fate selection forwards a structural, ependymal fate (Ren et al., 2016). 
Following specification, these cells then rely on signals such as Six3 and Lin41 to further mature 
into functional, ciliated cells of the HVZ (Cuevas et al., 2015; Lavado and Oliver, 2011). 
Hypothalamic tanycytes have been an exciting area of study owing to their ability to 
serve as a pool of stem cells which persist into adulthood (Ma et al., 2015). It was long thought 
and accepted that neurogenesis does not continue beyond the embryonic period, yet there is a 
growing body of evidence that would suggest otherwise. Numerous studies have explored 
molecular identifiers of these neuronal precursor subpopulations in order to hopefully 
understand and exploit their neurogenic capabilities. The selector gene Rax has been identified 
as an identifier of hypothalamic tanycytes, as its expression is restricted to the 3V in the medial-
basal hypothalamus (Miranda-Angulo et al., 2014). Furthermore, the LIM homeodomain 
transcription factor Lhx2 is essential for Rax expression (Salvatierra et al., 2014). There are at 
least two different types of tanycytes within the ventricular zone: a- and b-tanycytes. 
Furthermore, each type of tanycyte can be further divided into a1 or 2, or b1 or 2. There are 
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conflicting reports describing the self-renewal and proliferative capabilities of each of the 
different types of tanycytes; however, it is widely accepted that more dorsal a-tanycytes 
contribute to adult neurogenesis (Chaker et al., 2016; Robins et al., 2013). Regardless if b-
tanycytes contribute to neurogenesis, it has been reported that they play a very important role in 
the ME in regards to release of GnRH (Prevot et al., 2010; Rodriguez et al., 2005). This is not 
the only function of the hypothalamus that is regulated by b-tanycytes, as they have also been 
reported to be critical sensors of glucose in the circulation and may communicate with cells of 
the underlying parenchyma (Frayling et al., 2011; Millán et al., 2010). 
Interestingly, a-tanycytes possess one final unique ability: they can rapidly form 
neurospheres, a hallmark of neuronal progenitor cells (NPCs). These NPCs are located in 
regions of the HVZ with high levels of FGF-10 and FGF-18 (Robins et al., 2013). Additionally, 
tanycytes from this region require FGF-2 to maintain proliferation ex vivo and continue to 
expand as neurospheres (Robins et al., 2013). In this study, it was reported that b-tanycytes 
cannot form neurospheres and expand, and a1-tanycytes can in a more limited capability. Early 
in development, FGF expression is high, especially in the ventral diencephalon and may act 
early to override any fate determination in true pluripotent progenitors which each cellular sub-
type of the hypothalamus arises (Pearson et al., 2011). Given the role in both ependymocytes 
and tanycytes in contributing to a number of homeostatic functions, it is clear that maintenance 
of the HVZ is critical in both relaying information to centrally projecting neurons of the 
hypothalamus as well as acting as a source for neuronal precursors persisting into the postnatal 
window which may have the potential to respond to aberrant metabolic conditions. If this is 
indeed the case, then understanding the molecular mechanism by which each neuronal subtype 
of the hypothalamus grows even more important, as there may be the potential to instruct 
differentiation of a natural source of NPCs in the context of pathology. 
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Tables/Figures 
Table 2.1: Genes discussed in neural development pertaining to reproductive function 
 
 
Diencephalon 
 
ARC 
Nkx2.1, Pomc, Shh, Gli3, Tac3, Pdyn, Bmp7, Tbx2, 
Sim1, Arnt1, Otp, Mash1, Ngn2, NeuroD1, Nr5a2, Rpbj, 
Rax, Lhx2, Foxj1, Six3, Lef1 
 
AVPV 
Nkx2.1, Bax, Bcl2, Lmx1a, Sim1, Lhx2, Foxj1, Gli3, Six3, 
Lef1 
 
Telencephalon 
 
OB 
Foxg1, Lmo1, Lmo3, Gsh1, Gsh2, Bmp6, Bmp7, Pax2, 
Pax6, Kal1, Fgf8, Fgfr1, Prok2, Prokr2, Fezf1, Ccdc114, 
Lhx9 
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Figure 2.1: Schematic of the hypothalamus. Neuronal input into the HPG axis is controlled by 
GnRH (purple) and kisspeptin (red) expressing neurons located throughout the hypothalamus 
(light red). GnRH neurons arise from the developing olfactory bulb (light purple) and migrate 
caudally during late development. Hormonal regulation of neuronal input is mediated through 
ERa-positive (yellow outline) kisspeptin neurons. Importantly, other neurons of the ARC and 
AVPV are ERa positive as well. Kisspeptin neurons of the ARC arise from a POMC expressing 
(blue) lineage, whereas kisspeptin neurons of the AVPV do not. 
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Chapter 3 – Specific Aims of the Thesis 
 
Despite a large understanding of reproductive function and development, infertility is still 
a major health concern in the United States, affecting an estimated 1-in-8 couples, as well as 
other countries across the globe. Although infertility is considered a multifactorial disease that 
can be caused by genetic and environmental factors, it is important to note that disruptions in 
the developmental window can have lasting, permanent effects on reproductive function. Early 
development is a critical window in which a number of key homeostatic circuits controlling 
reproduction, as well as a number of other key homeostatic functions, form in the brain. 
Evidence has suggested that maternal environmental status and epigenetic factors may disrupt 
development and subsequent function of these neurons, potentially resulting in disease states 
such as infertility or metabolic syndrome in adulthood. Neurons and other cellular subtypes 
developing from progenitors of the hypothalamic ventricular zone (HVZ) which mediate 
reproductive control are found within the arcuate nucleus (ARC) and anteroventral 
periventricular nucleus (AVPV) of the hypothalamus. This function is hypothesized to be largely 
controlled by a subset of neurons expressing the neuropeptide kisspeptin. Reproductive 
development has been shown to be intimately associated with metabolic state, another process 
controlled at the level of the hypothalamus. To regulate energy homeostasis, 
proopiomelanocortin (POMC) neurons inhibit feeding and neuropeptide Y (NPY) neurons 
stimulate appetite and both have been found to regulate kisspeptin neuron function. 
Hypothalamic glial cells and tanycytes function to sample the circulating cerebral spinal fluid 
(CSF) to relay information to neurons found within the underlying parenchyma and regulate their 
function, as well. Thus, dysregulation of energy homeostasis can not only have direct metabolic 
implications, but may also affect reproduction. While many studies have determined the roles of 
the peptides involved in functional output of these neurons, the basic mechanisms underlying 
development of these critical neuroendocrine systems still remain extremely elusive. 
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The long-term goal of these studies is to better characterize and understand the 
mechanism of development of both neurons as well as other cellular subtypes of the 
hypothalamus. Understanding critical windows of development for different neuronal subtypes 
and delineating the mechanism by which each of these cells develop is paramount in both 
disease treatment and prevention. Previous data from the lab have shown that constitutive 
Rbpj-κ dependent Notch signaling represses the differentiation of feeding circuit neurons of the 
ARC and loss of Rbpj-κ leads to a premature, overabundance of feeding circuit neurons. This is 
consistent with the observation that both POMC and NPY neurons arise from a common 
progenitor that initially expresses Pomc. The objective of this thesis is twofold: to more clearly 
define the timetable of development of feeding circuit and reproductive neurons of the 
hypothalamus as well as mechanistically elucidate how kisspeptin neuronal differentiation within 
the hypothalamus occurs. Our central hypothesis is cellular subtypes of the hypothalamus arise 
from a common HVZ progenitor and Notch signaling controls the balance of each of these 
cellular types in the postnatal brain. The following specific aims were developed and executed 
to address these hypotheses:  
Aim 1) Determine the development, birthdate, and lineage of kisspeptin neurons of the 
ARC. To determine the development of kisspeptin neurons of the ARC, we employed an 
established mouse model whereby we conditionally knocked out the necessary DNA binding 
cofactor of Notch signaling RBPJ-K within the developing ARC. To determine if kisspeptin 
neurons derive from the same initial Pomc progenitor that NPY neurons do, Pomc-positive cells 
were lineage traced using a Pomc-cre mouse bred to a reporter of our choosing. To birthdate 
neurons, a well-established BrdU injection paradigm was set up in order to identify at which 
point during embryonic development feeding circuit and reproductive neurons exit the cell cycle 
and begin to differentiate.  
Aim 2) Determine the role of Rbpj-κ dependent Notch signaling on the development of 
the AVPV. Utilizing an already established mouse model, we conditionally knocked out the 
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required DNA-binding co-factor RBPJ-κ to ablate Notch signaling. We characterized 
development of the AVPV during embryogenesis, the postnatal window, and adulthood to 
determine the role of Notch signaling on fate selection of cellular subtypes and development of 
kisspeptin neurons of the AVPV.  
Aim 3) Determine the mechanism by which Notch signaling directs differentiation of 
ventral HVZ progenitors and establish novel techniques for high throughput screening. 
Employing a primary hypothalamic neurosphere assay, we explored the effects of Notch 
signaling on progenitors of the early postnatal diencephalon. Utilizing a combination of 
immunocytochemistry (ICC) and quantitative reverse transcriptase-PCR (qRT-PCR), we will 
determined the role of Notch signaling acutely on proliferative dynamics as well as fate 
decisions of a pure progenitor population. Additionally, we utilized a novel microenvironment 
assay to determine the effects of Notch signaling in combination with extracellular matrix 
proteins on proliferation and progenitor maintenance of cultured progenitors. 
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Chapter 4 - Rbpj-κ mediated Notch signaling plays a critical role in development of 
hypothalamic Kisspeptin neurons 
 
Abstract 
 The mammalian arcuate nucleus (ARC) houses neurons critical for energy homeostasis 
and sexual maturation. Proopiomelanocortin (POMC) and neuropeptide Y (NPY) neurons 
function to balance energy intake and kisspeptin neurons are critical for the onset of puberty 
and reproductive function. While the physiological roles of these neurons have been well 
established, their development remains unclear. We have previously shown that Notch signaling 
plays an important role in cell fate within the ARC of mice. Active Notch signaling prevented 
neural progenitors from differentiating into feeding circuit neurons, whereas conditional loss of 
Notch signaling lead to a premature differentiation of these neurons. Presently, we hypothesized 
that kisspeptin neurons would similarly be affected by Notch manipulation. To address this, we 
utilized mice with a conditional deletion of the Notch signaling co-factor Rbpj-κ (Rbpj cKO), or 
mice persistently expressing the Notch1 intracellular domain (NICD tg) within Nkx2.1 expressing 
cells of the developing hypothalamus. Interestingly, we found that in both models, a lack of 
kisspeptin neurons are observed. This suggests that Notch signaling must be properly titrated 
for formation of kisspeptin neurons. These results led us to hypothesize that kisspeptin neurons 
of the ARC may arise from a different lineage of intermediate progenitors than NPY neurons 
and that Notch was responsible for the fate choice between these neurons. To determine if 
kisspeptin neurons of the ARC differentiate similarly through a Pomc intermediate, we utilized a 
genetic model expressing the tdTomato fluorescent protein in all cells that have ever expressed 
Pomc. We observed some kisspeptin expressing neurons labeled with the Pomc reporter similar 
to NPY neurons, suggesting that these distinct neurons can arise from a common progenitor. 
Finally, we hypothesized that temporal differences leading to premature depletion of progenitors 
in cKO mice lead to our observed phenotype. Using a BrdU birthdating paradigm, we 
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determined the percentage of NPY and kisspeptin neurons born on embryonic days 11.5, 12.5, 
and 13.5. We found no difference in the timing of differentiation of either neuronal subtype, with 
a majority occurring at e11.5. Taken together, our findings suggest that active Notch signaling is 
an important molecular switch involved in instructing subpopulations of progenitor cells to 
differentiate into kisspeptin neurons. 
____________________________________________________________________________ 
*Biehl MJ and Raetzman LT. “Rbpj-k mediated Notch signaling plays a critical role in  
development of hypothalamic Kisspeptin neurons”. Dev Biol. 2015 Oct 15;406(2):235-46. 
doi: 10.1016/j.ydbio.2015.08.016. Epub 2015 Aug 28. PMID: 26318021 
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Introduction 
The hypothalamus is a key mediator of many homeostatic functions in mammalian 
physiology (Brooks. 1988). In humans and rodents, it has been linked to regulation of water 
balance, energy balance, thermal regulation, reproductive function, body size, stress and others 
(Epelbaum. 1992; McCann, et al. 1994; Rothwell. 1994; Becu-Villalobos and Libertun. 1995; 
Stratakis and Chrousos. 1995; Bing, et al. 1996). In order to perform such a wide array of 
functions, this region of the brain is separated into subsets of neurons, called nuclei, which 
signal through distinct neuropeptides produced by specialized neuronal subtypes (Swaab, et al. 
1993). One nucleus, the arcuate nucleus (ARC), has classically been characterized as the 
“feeding center” of the brain (Swaab, et al. 1993). This function is carried out by the antagonistic 
actions of anorexigenic proopiomelanocortin (POMC) and orexigenic neuropeptide-Y 
(NPY)/Agouti-related peptide (AgRP) neurons (Cowley, et al. 2001; Luquet, et al. 2005). These 
neuronal subsets interact not only with each other, but send projections to other areas of the 
brain (Wang, et al. 2015). Aside from regulating energy homeostasis, the ARC also has a 
population of kisspeptin expressing neurons (Gottsch, et al. 2004). Kisspeptin neurons have 
been suggested to play a role in puberty onset and reproductive function by communicating with 
gonadotropin-releasing hormone (GnRH) neurons and acting as a pulse generator for the 
release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) (Irwig, et al. 2004; Li, 
et al. 2009). There are at least two other neuron populations found within the ARC as well, one 
expressing growth hormone releasing hormone (GHRH) and the other tyrosine hydroxylase 
(TH) (Balan, et al. 1996; Romero and Phelps. 1997). Despite the differences in peptide content 
and function, ARC neurons likely all arise from a common pool of progenitor cells in the 
developing diencephalon (Yee, et al. 2009). The exact molecular pathways that allow a 
progenitor to create these neurons of distinct fates are still largely unknown. Importantly, genetic 
disorders that affect early development of the hypothalamus, can result in life-long deficiencies 
that persist into adulthood. For example, many of the phenotypes observed in Prader-Willi 
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patients are regulated by neurons found within the ARC (Ge, et al. 2002). Namely, hyperphagy 
may be modulated by the POMC and NPY expressing population of neurons within the ARC, 
whereas the kisspeptins of the ARC may be contributing to the observed infertility and 
hypogonadism. This example highlights the importance of understanding neural development 
and the genes responsible for differentiation of each neuronal subtype within the hypothalamus.  
 Neurogenesis and development of the ARC begins as early as embryonic day 10.5 
(e10.5) (Shimada and Nakamura. 1973; McNay, et al. 2006). Previous reports have shown that 
in the mouse a great deal of the neurogenesis specifically within the ARC occurs in a very 
narrow window, and by e16.5 all the cellular subtypes within the ARC are present (Alvarez-
Bolado, et al. 2012; Ishii and Bouret. 2012). Progenitor cells contributing to the ARC are housed 
within the hypothalamic ventricular zone (HVZ) where they receive cues to rapidly proliferate 
and remain undifferentiated (Ye, et al. 2009). When progenitors are cued to differentiate, they 
will become post-mitotic and migrate out into the peripheral ARC where they will then begin 
expressing their unique neuropeptides (McClellan, et al. 2008). A number of early patterning 
genes have been defined in the developing anterior diencephalon. (Shimogori, et al. 2010). 
Specifically, Nkx2.1 is expressed broadly throughout the ventral border of the anterior 
hypothalamus corresponding with the tissue of the presumptive ARC (Nakamura, et al. 2001). 
Following pattern specification, progenitors will begin differentiating into their respective mature 
cellular subtypes. It is becoming increasingly clear that each neuronal population is dependent 
on a distinct set of developmental factors. For instance, studies have shown the necessity for 
Ngn3 in the development of both POMC and NPY neurons (Pelling, et al. 2011). Similarly, Gsh1 
is critical for the formation of GHRH neurons (Li, et al. 1996).  Although few early markers of the 
developing ARC have been uncovered (Kimura, et al. 1996; Wang and Lufkin. 2000; Cremona, 
et al. 2004), the factors involved in the selection of a kisspeptin fate remain largely unknown. 
Similarly, the lineage pathways shared between each neuronal subtype involved in maintaining 
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energy balance and other homeostatic functions regulated by the ARC have yet to be 
uncovered. 
 The Notch signaling pathway is an evolutionarily conserved signaling pathway found 
throughout the developing embryo (Kortschak, et al. 2001; Schroder and Gossler. 2002). In 
general, Notch signaling is a cell-to-cell dependent pathway by which a cell expressing one of 
the several Notch receptors receives a signal from a neighboring cell presenting a Notch ligand 
(Shimizu, et al. 2000). Upon activation, the Notch intracellular domain (NICD) undergoes a 
series of cleavage events and will eventually translocate to the nucleus, where it will complex 
with a number of cofactors to initiate transcription (Struhl and Adachi. 1998). The most important 
factor is RBPJ-κ (Drosophila CBF1 (Olave, et al. 1998)), which allows the activated complex to 
bind DNA and promote gene transcription (Nam, et al. 2003). Notch signaling is implicated in 
two major steps in the progression of differentiation. First, as seen in the brain, liver, and other 
tissues, active Notch signaling is important in the decision of a progenitor cell to remain in a 
progenitor-like state or to exit the cell cycle and undergo differentiation (Qu, et al. 2013; Bhat. 
2014; Wang, et al. 2014). However, Notch signaling is also important in selecting fates of cells 
which have begun differentiation. As seen in the immune system, active Notch signaling 
instructs intermediate hematopoietic stem cells to differentiate into immature T-lymphocytes and 
inhibits formation of B-lymphocytes (De Obaldia, et al. 2013; Ayllon, et al. 2015). Indeed, work 
from our lab and others has shown that Notch components as well as active downstream 
components of signaling are present in the presumptive hypothalamus (Casarosa, et al. 1999; 
Aujla, et al. 2013). We have previously shown that RBPJ-κ mediated Notch signaling is 
important for maintenance of ARC progenitors in the HVZ and plays a role in repressing the 
canonical pro-neural gene Mash1 expressed within the ARC (Aujla, et al. 2013). Conversely, 
loss of Rbpj-κ mediated Notch signaling leads to a premature burst of differentiation during early 
development, resulting in greater numbers of POMC and NPY neurons at e18.5. 
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 The overall goal of this study is to provide further insight into how different neuronal 
subtypes of the ARC are specified from a common progenitor pool of the HVZ. Specifically, we 
hypothesized that the Notch signaling pathway would be involved in differentiation of kisspeptin 
neurons of the ARC, and this neuronal subtype would arise from a common Pomc expressing 
intermediate progenitor cell. Utilizing both loss- and gain-of-function models, we have 
conditionally knocked out the RBPJ-κ component of the active Notch signaling complex (Rbpj 
cKO) or persistently expressed the constitutively active Notch1 intracellular domain (ICD) (NICD 
tg) within Nkx2.1 expressing cells in the developing ventral hypothalamus (Murtaugh, et al. 
2003; Tanigaki, et al. 2004). In both models in which Notch signaling has been manipulated, a 
drastic reduction in kisspeptin neurons occurs within the ARC. This suggests that persistent 
Notch signaling prevents neurogenesis irrespective of neuronal subtype; however, active Notch 
signaling is also important to instruct an immature neuron to adopt a kisspeptin fate. This is not 
due to a differential timing of kisspeptin neuron birth with respect to NPY neurons, and thus is 
not the result of progenitor depletion prior to kisspeptin neurogenesis. Further, lineage tracing 
experiments have uncovered that a subset of kisspeptin neurons of the ARC do indeed develop 
through a Pomc expressing intermediate progenitor, similar to NPY neurons. These findings 
taken together would suggest that Rbpj-κ dependent Notch signaling may be an important 
molecular switch to instruct early and/or intermediate progenitor cells to adopt the kisspeptin 
identity. 
 
Materials and Methods 
Mice 
Rbpj-κ conditional knock-out (cKO) mice or Notch1 intracellular domain constitutively 
active (NICD tg) mice were generated using established genetic mouse models. Rbpjtm1Hon 
(Rbpj-κ floxed) mice provided by Dr. Tasuku Honjo (Kyoto University, Japan) (Tanigaki, et al. 
2004) or Gt(ROSA)26Sortm1(Notch1)Dam/J (RosaNotch1ICD floxed mice) (Murtaugh, et al. 2003) 
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purchased from Jackson Laboratories (Bar Harbor, ME, USA) were bred to C57BL/6J-
Tg(Nkx2.1-cre)2Sand/J (Nkx2.1-cre) mice (Xu, et al. 2008) purchased from Jackson 
Laboratories to generate Rbpj cKO and NICD tg mice, respectively. Lineage-tracing 
experiments to determine the origin of NPY and kisspeptin neurons were performed by mating 
Tg(Pomc1-cre)16Lowl/J (Pomc-cre) mice purchased from Jackson Laboratories (Bar Harbor, 
ME, USA) (Balthasar, et al. 2004) to B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (RosatdTomato 
floxed) mice  (Madisen, et al. 2010) purchased from Jackson Laboratories. Prior to pairings for 
experiments, Pomc-cre mice were back-crossed one generation onto a CD-1 background 
(Charles River Laboratories, USA). For birthdating studies, timed pregnant CD-1 mice were 
generated. Unless otherwise noted, both sexes of mice were used for data analysis. To 
genotype, tail biopsies were collected and DNA was extracted either via salt-out or HotSHOT 
method (Miller, et al. 1988; Truett, et al. 2000). PCR was performed on DNA utilizing primer sets 
previously described or from Jackson Laboratory’s online database (Tanigaki, et al. 2004; 
Goldberg, et al. 2011). Breeding colonies were maintained in a facility with a 12-hour light/dark 
cycle at the University of Illinois at Urbana Champaign (UIUC). All protocols were approved by 
the UIUC Institutional Animal Care and Use Committee. 
Tissue Collection 
Rbpjfl/fl; Nkx2.1-cre+/+ (Rbpj control), Rbpjfl/fl; Nkx2.1-cre+/cre (Rbpj cKO), RosaNotch1ICD/+; 
Nkx2.1-cre+/+ (NICD control), RosaNotch1ICD/+; Nkx2.1-cre+/cre (NICD tg) and CD-1 mice were 
collected on the day of birth (p0) and fixed overnight at 4° C in 3.7% formaldehyde solution 
(Sigma-Aldrich, USA) diluted in phosphate-buffered saline (PBS). Tissue was then dehydrated 
through graded ethanols, methyl salicylate, and embedded in paraffin wax. 6 μm serial coronal 
sections were collected and three sequential sections were mounted on charged slides for 
histological analysis. Pomc-cre+/cre; RosatdTomato/+ pups were collected at p0, fixed overnight at 
4°C in 4% paraformaldehyde (PFA) (Fisher Scientific, USA) dissolved in PBS, cryoprotected at 
4°C in 30% sucrose solution in PBS and then snap frozen in O.C.T compound (TissueTek, CA, 
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USA). 10 μm serial coronal sections were collected and mounted on charged slides for 
histological analysis. Rbpj control and cKO brains collected at p35 were collected from mice 
perfused with 4% PFA and frozen in an identical fashion as described above. 
BrdU Injections for Birthdating 
CD-1 female and male mice were bred together and plugs were checked every morning 
at 0900 h. 1200 h on the day a plug was observed was considered e0.5. Pregnant dams were 
injected once intraperitoneally with 5-Bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich, MO, USA), 
0.1 mg/g body weight, on either e11.5, e12.5, or e13.5 at 1030 h. Cages were then checked 
daily at 1200 h and pups were collected on the day of birth for histological analysis.  
Immunohistochemistry 
Immunohistochemistry was performed as previously described by our lab (Aujla, et al. 
2013). Briefly, sections were deparaffinized, washed, and boiled in citrate solution (10 μM, pH 
6.0). Following antigen retrieval, slides were blocked in blocking solution (5% normal donkey 
serum, 3% bovine serum albumen and 0.5% Triton-X100 diluted in sterile PBS). For peptides 
detected utilizing tyramide signal amplification (TSA) (Perkin Elmer, MA, USA) (Wang, et al. 
1999), slides were instead blocked in TNB blocking solution composed of 0.1 M Tris-HCl, 0.15 
M NaCl, and 0.5% TSA Blocking Reagent diluted in sterile ddH2O (pH 7.5). Frozen sections 
were thawed, fixed for 10 minutes in 4% PFA, washed in PBS, and blocked with identical 
solutions. Following blocking, antibody was incubated on tissue sections overnight at 4° C 
diluted in appropriate blocking solution. Primary antibodies used were raised against the 
following peptides: Neuropeptide Y (1:5000; Peninsula Labs, CA, USA), tyrosine hydroxylase 
(AB152 1:1500; Millipore, MA, USA) and BrdU (1:150; BD Biosciences, CA, USA), kisspeptin 
was detected by either with either antibody AC053 (1:1500, a kind gift from Dr. Isabelle 
Franceschini, (Franceschini, et al. 2013)) or Kp10 (AB9754 1:500; Millipore, MA, USA). Slides 
were then incubated with biotin-conjugated rabbit (NPY, TH, Kp10), mouse (BrdU), or sheep 
(AC053) secondary antibody diluted in appropriate blocking solution for one hour at room 
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temperature. Slides were washed and incubated with either streptavidin conjugated Cy3 or Cy2. 
Secondary and tertiary antibodies were purchased from Jackson ImmunoResearch (PA, USA) 
and all were used at a concentration of 1:200. Following biotinylation, slides used to detect 
kisspeptin using AC053 were conjugated to streptavidin-HRP (1:100) and then incubated with 
Cyanine-3 within the manufacturer’s TSA kit (Perkin Elmer, MA, USA) according to the supplied 
TSA protocol. Slides were mounted with mounting media containing 4’,6-diamidino-2-
phenylindole (DAPI, 1:1000; Sigma-Aldrich, MO, USA). Slides were then visualized at either 
100X or 200X using a Leica DM2560 microscope or at 400X using a Leica DMI4000B confocal 
microscope. Images were taken using a Retiga 2000R color camera and acquired using Q-
Capture software (Q-Imaging, Surrey, Canada). Images were processed using Adobe 
Photoshop CS6 (Adobe, CA, USA) and cells counts were quantified using ImageJ software 
(NIH, MA, USA). 
In situ hybridization 
In situ hybridization was also performed as previously described by our lab (Aujla, et al. 
2015). Briefly, slides were deparaffinized, washed, permeabilized, digested with Proteinase-K, 
acetylated, and incubated in hybridization solution (at 64° C for Pomc or 55° C for Kiss1). 
Probes for either Pomc (1:200; a kind gift from Dr. Malcom Low (Japon, et al. 1994)) or Kiss1 
(1:100; a kind gift from Dr. Alexander Kauffman (Gottsch, et al. 2004)) were linearized with 
appropriate enzymes and transcribed with polymerase in the presence of digoxigenin-labeled 
nucleotides. Labeled probes were denatured for 3 minutes and incubated overnight at 
hybridization temperature. Slides were then washed in 50% 0.5X formamide solution, washed in 
0.5X sodium citrate, and blocked in ISH blocking solution (10% heat-inactivated sheep serum, 
2% bovine serum albumen and 0.1% Triton-X100 in Tris-buffered saline). Following blocking, 
slides were incubated with anti-digoxigenin (1:500, Roche, IN, USA) antibody diluted in ISH 
block. Slides were then washed in Tris-buffered saline (pH 7.5, then pH 9.5) and incubated for 
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12-36 hours in NBT/BCIP developing solution (1:50; Roche, IN, USA). Samples were visualized 
identically to immunohistochemical stains and processed using the same software. 
Identification of Arcuate Nucleus of the Hypothalamus at p0 and p35 for Cell Counts 
The location of the ARC at p0 and p35 in cKO mice was determined by the presence of 
NPY- or Pomc-positive neurons. At p0, 4 slides separated by roughly 50 μm spanning 250 μm 
of the ARC were stained with either NPY or Pomc. At p35, the ARC was identified in a similar 
fashion, however 4 slides separated by roughly 120 μm, spanning 500 μm were stained. Slides 
were chosen according to Bregma -2.15.  
Kiss1 positive neurons of the ARC in female mice at p0 were quantified by staining 
slides adjacent to those used for identification. Four slides spanning the ARC were hybridized 
with Kiss1 riboprobe. Each section was individually quantified and sections of the same slide 
were averaged together. Averages of each slide were summated for each animal to determine a 
representative amount of Kiss1-neurons spanning the rostrocaudal extent of the ARC. Control 
littermates for Rbpj cKO (n=4) and NICD tg mice (n=3) were compared in order to remove the 
possibility of genetic background difference as a confounding factor. Total Kiss1 counts 
between animals were then averaged and the standard error of the mean was calculated in 
Microsoft Excel. A Student’s 2-tailed t-test was performed in Microsoft Excel with an alpha of 
0.05 set to determine significance. 
Cell Counts for Lineage Tracing and Birthdating Studies 
 Lineage tracing studies were quantified similarly as described above: 4 slides separated 
by roughly 90 μm containing 3 serial sections spanning the rostrocaudal extent of the ARC of 
female mice were stained and quantified. Due to the inherent properties of the fluorescent 
reporter, only staining for NPY or kisspeptin was necessary. Kisspeptin slides were stained first, 
and then the adjacent slide to each was stained with NPY. Pups were collected across multiple 
litters and females were used due to higher levels of kisspeptin at p0. 
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Birthdating studies were quantified identically to Kiss1 counts in female mice as 
described above. However, slides were co-stained with kisspeptin/BrdU, and the subsequent 
slide from the same animal was co-stained with NPY/BrdU. We defined the ARC as a roughly 
0.018 mm3 volume lateral to both sides of the third ventricle (3V) encompassing nearly all 
kisspeptin and NPY neurons. Both sides lateral to the 3V were quantified and summated, then 
averaged with other sections present on the same slide. Four slides from each animal were 
summated and averaged with other animals within each age group.  
Identification of the Rostral Periventricular Area of the Third Ventricle/Anteroventral 
Periventricular Nucleus of the Hypothalamus at p35 in Rbpj cKO Mice 
 The location of the RP3V/AVPV in p35 cKO mice was determined by the presence of the 
optic chiasm and TH-positive neurons. For RP3V/AVPV identification, 5 slides separated by 
roughly 120 μm spanning approximately 630 μm were stained with TH or kisspeptin to ensure 
both the RP3V and AVPV were represented for analysis. Slides were chosen according to -0.23 
of Bregma. 
Breeding Studies and Vaginal Cytology for Female Cyclicity 
 6-week old Rbpj control or cKO males or females were paired with age-matched CD-1 
mates of proven reproductive success. Control and cKO mice were coded and blinded to 
researchers until the experiment was completed. Mice were paired for one week and then 
separated and housed individually for 3 weeks to allow gestation if a successful mating had 
occurred. After 3 weeks, litters and number of pups per litter were recorded and pups were 
removed from females. One week following removal of pups, mice were set up again with 
different counterpart mates and the breeding was repeated for a second trial. Results of the first 
mating are displayed in Figure 7. Following breeding studies, vaginal smears from control and 
cKO mice were collected for 14 consecutive days to assess cyclicity. Diestrus was defined as 
the presence of nearly all leukocytes, proestrus/metestrus was defined as the presence of a 
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large mixture of leukocytes and nucleated epithelial cells, and estrus was defined as the 
presence of nearly all cornified epithelial cells. 
 
Results 
 
Loss of Rbpjκ and persistent Notch1 expression both reduce kisspeptin neuron number within 
the ARC 
Previous work in our lab has shown that manipulation of Notch signaling was able to 
alter the number of Pomc and NPY expressing neurons of the ARC (Aujla, et al. 2013). 
Persistent expression of Notch signaling blocked neuronal differentiation of these two mature 
subtypes, whereas a loss of Rbpj-κ lead to a premature burst of differentiation. To determine the 
effect on kisspeptin neurons derived from the same precursor pool of the HVZ, similar mouse 
models were utilized by which either Rbpj-κ was conditionally knocked out (Rbpj cKO) or the 
Notch1 intracellular domain was persistently expressed (NICD tg) in Nkx2.1-positive cells of the 
ventral hypothalamus. To ensure that the observations previously made at e13.5 and e18.5 
persisted into the first postnatal day of life (p0), Pomc expression was visualized by in situ 
hybridization in both female and male mice. Consistent with previous findings, both female and 
male control mice (Fig. 4.1A, D respectively) showed robust Pomc expression in the ARC. Rbpj 
cKO mice showed a collapse in the HVZ paralleling observations made at e18.5 and showed 
random disbursement of Pomc neurons through this region in female and male mice (Fig. 4.1B, 
E respectively) as a result of this morphological disruption. Finally, the persistent NICD 
expressor model follows a similar trend observed at e18.5 such that Pomc expression appears 
absent in both females (Fig. 4.1C) and males (Fig. 4.1F).  
Other neuronal subtypes of the ARC explored previously followed a similar trend; 
however, kisspeptin neurons were not examined. Since kisspeptin neurons are similarly found 
within the ARC, we hypothesized that manipulating Notch signaling would also affect their fate. 
Compared to the robust Pomc expression in the ARC in both female and male mice, kisspeptin 
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peptide expression in females (Fig. 4.1G) and males (Fig. 4.1J) was much less pronounced and 
less dispersed throughout the ARC in control mice. Surprisingly, Rbpj cKO females (Fig. 4.1H) 
and males (Fig. 4.1K) both showed virtually no detectable kisspeptin cell bodies nor labeled 
fibers within the ARC region containing Pomc neurons. Interestingly, kisspeptin expression in 
NICD tg mice was also ablated in female (Fig. 4.1I) and male (Fig. 4.1L) mice at p0. In order to 
quantify the reduction of kisspeptin expression in both of our Notch manipulations, cell bodies of 
Kiss1-positive neurons were detected utilizing in situ hybridization.  Previous work has shown 
that Kiss1 expression within the ARC is downregulated by circulating sex steroids (Smith, et al. 
2005). Given the prenatal testosterone surge experienced by male pups (Poling and Kauffman. 
2012), females were exclusively quantified since peptide expression appeared nearly identical 
between the sexes (Fig. 4.1G, J). Paralleling kisspeptin peptide expression, Kiss1 mRNA 
expression was far less robust than Pomc expression and less disperse throughout the ARC in 
control mice (Fig. 4.2A, D). A noticeable rostrocaudal gradient was also observed, consistent 
with previous reports (Knoll, et al. 2013) (Fig. 4.2C, F). Similar with kisspeptin protein 
observation in Rbpj cKO mice, Kiss1 expression showed an obvious visual reduction throughout 
the entire rostrocaudal extent of the ARC, labeling very few Kiss1-positive cells (Fig. 4.2B, C). 
Also paralleling protein levels in NICD tg mice, virtually no Kiss1-positive cells were detected 
throughout the ARC (Fig. 4.2E, F). Upon quantification, we confirmed a reduction of Kiss1-
positive neurons that exceeded 90% (42.5 ± 1.2 cells v. 3.6 ± 1.0 cells, P < 3.1x10-7, n=4) in 
Rbpj cKO mice and an even more drastic reduction in NICD tg mice, exceeding 98% (42.3 ± 0.3 
cells v. 0.67 ± 0.4 cells, P < 1.1x10-7, n=3) compared to their respective littermate controls (Fig. 
4.2C, F). Taken together, these results further confirm that active Notch signaling must be 
extinguished in order for all neuronal subtypes of the ARC to differentiate. Interestingly, these 
findings may also suggest that Notch signaling may be necessary to instruct a subset of 
progenitor cells towards a mature kisspeptin fate. 
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POMC, NPY, and kisspeptin neurons share common lineages throughout development 
 It has been well-established that an appreciable number of mature NPY neurons arise 
from a common intermediate progenitor cell which expressed Pomc at some point during its 
maturation (Padilla, et al. 2010).  In Rbpj cKO mice, there is an increased number of Pomc and 
NPY expressing neurons of the ARC arising from this common intermediate lineage, however 
there is a near absence of kisspeptin neurons (Aujla, et al. 2013) (Fig. 4.1). A possible 
explanation for the observed reduction of kisspeptin/Kiss1 expression is that Notch signaling 
may act as a fate switch from a Pomc expressing lineage versus a kisspeptin expressing 
lineage of neurons. In order to address this hypothesis, we bred Pomc-cre mice to RosatdTomato 
floxed to fluorescently label all cells of the ARC which expressed Pomc during some point of 
their development. This well characterized technique labels not only mature Pomc expressing 
neurons, but also any other neuronal subtype present within the ARC which had progressed 
through a Pomc expressing intermediate (Padilla, et al. 2012). Combining this inherently 
fluorescent label with immunohistochemistry, we were able to determine the proportion of 
mature NPY and kisspeptin expressing neurons of the ARC. It is clear that many NPY neurons 
(55.8% ± 0.7%; n=3) double-label with our tdTomato reporter protein, suggesting that many 
neurons involved in energy homeostasis indeed arise from a common Pomc expressing 
immature progenitor cell, confirming what has been previously reported (Padilla, et al. 2012) 
(Fig. 4.3A). It is important to note that in our experiments while many NPY positive neurons co-
express the tdTomato protein (Fig. 4.3B, white arrowheads), a number of NPY expressing 
neurons do not express the tdTomato fluorescent protein (Fig. 4.3B, black arrowheads), many 
of which in fact lie more distal from the third ventricle. Interestingly, we found kisspeptin positive 
neurons (18.0% ± 1.3%; n = 3) within the ARC also double-labeled with the tdTomato 
fluorescent protein (Fig. 4.3C), indicating that an appreciable number of the kisspeptin 
population indeed do arise from an immature Pomc progenitor. Similar to our observation for 
NPY neurons, some kisspeptin positive cells retain the tdTomato protein (Fig 4.3D, white 
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arrowheads), but many do not double-label with the tdTomato reporter (Fig. 4.3D, black 
arrowheads). Though fewer in number, certainly a significant number of kisspeptin neurons 
seem to differentiate along a similar pathway as mature NPY neurons. These data would 
suggest that multiple neuron types found within the ARC can share a common Pomc expressing 
intermediate, and that Notch signaling is an important molecular switch involved in instructing 
progenitors of the HVZ and intermediate progenitors to differentiate into kisspeptin neurons. 
Both NPY and kisspeptin neurons differentiate as early as e11.5 
Next, we determined if the reason we observed differences at p0 in Pomc versus 
kisspeptin/Kiss1 expression in Rbpj cKO mice was that feeding circuit neurons differentiated 
earlier in development, followed by a second wave of kisspeptin neurogenesis. We 
hypothesized that if neurogenesis occurred in a sequential manner, the progenitor pool of the 
HVZ would be completely depleted before kisspeptin differentiation begins. Previous work by 
Ishii and Bouret (Ishii and Bouret. 2012) has suggested that the peak of neurogenesis within the 
ARC is e12.5. However, their studies birthdated neurons every other day of development and 
did not specifically look at unique markers of specific neuronal subtypes. While these previous 
studies have proven to be helpful in narrowing a window to determine when neurogenic events 
occur within the ARC, they failed to determine the timing of birth of the many subpopulations of 
neurons within the ARC. 
 We first examined neurogenesis at e11.5, the earliest time point not explored during Ishii 
and Bouret’s birthdating experiments. Previous work by Padilla, et al.  (Padilla, et al. 2010) 
reported that a subset of neurons indeed exit the cell cycle this early in development. We 
observed strong BrdU signal extending the entire rostrocaudal extant of the ARC as well as a 
relatively uniform distribution lateral to the third ventricle when examined at p0 (Fig. 4.4B, N). 
Visualization of NPY also revealed uniform expression through the rostrocaudal extant of the 
ARC, however neurons appeared mainly in the more medial and ventral regions of the ARC 
(Fig. 4.4C, G, K). Upon overlaying images, we observed many cells labeling with both BrdU and 
	
80	
NPY (Fig. 4.4E, white arrowheads), and upon quantification we determined that 31.5% ± 0.2% 
(n=3) of NPY neurons double-labeled (Fig. 4.4Q). 
 We followed these observations up by determining the percentage of NPY neurons born 
at e12.5. Similar to the findings of Ishii and Bouret, we noted heavy labeling of BrdU throughout 
the whole extent of the ARC at p0 and an appreciable amount of NPY neurons double-labeled 
with BrdU (Fig. 4.4I, O). Quantification revealed that 25.6% ± 2.6% (n=3) of NPY neurons were 
born at e12.5 (Fig. 4.4Q), and combined with our findings from our e11.5 birthdating, we have 
accounted for a large number of NPY neurogenesis with our single-injection paradigm. 
Since previous work has shown that by e14.5, neurogenesis in the ARC is nearly 
complete, we chose to check e13.5 as our final observation to determine if neurogenesis is still 
occurring. At this time point, we observed a rostrocaudal gradient of BrdU at p0, with many 
more BrdU-positive cells present in the more caudal regions of the ARC (Fig. 4.4J, P). Visually 
few, if any, NPY-positive neurons co-expressed BrdU (Fig. 4.4M, white arrowheads). Indeed, 
upon quantification we determined that 2.0% ± 1.2% (n=3) of NPY neurons are born at e13.5 
(Fig. 4.4Q). Taken together, these findings have revealed that neurogenesis of NPY-positive 
cells begins at least by e11.5 and is tapering off by e13.5. 
Using our previous findings of the timeline of NPY development within the ARC, we were 
then able to determine if kisspeptin neurons developed along a similar progression. One 
possible explanation for loss of kisspeptin/Kiss1 in Rbpj cKO mice is that the majority of these 
neurons are born at either e12.5 or e13.5, later than their NPY counterparts. If there is a subtle 
delay present, it is possible the premature burst of Pomc/NPY neurogenesis would have 
depleted the progenitor pool completely, leaving no precursors remaining to become kisspeptin 
neurons. These experiments are equally interesting regardless, as the earliest reports of 
kisspeptin or Kiss1 expression are e13.5 within the presumptive ARC of the mouse and the 
birthdate of kisspeptin neurons have only been well-characterized in the rat (Desroziers, et al. 
2012; Kumar, et al. 2014).  
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 Given that the same animals were used to birthdate kisspeptin neurogenesis, BrdU 
labeling patterns appeared identical to NPY double-stains (Fig. 4.5B, F, J, N, O, P). Paralleling 
our experimental design to birthdate NPY neurons of the ARC, we first examined kisspeptin 
birth at e11.5. Similar to what was observed when characterizing the ARC of our Rbpj control 
and cKO mice (Fig. 4.2), we noticed a rostrocaudal gradient of kisspeptin expression, showing 
more kisspeptin-positive neurons in the caudal regions of the ARC. It is also important to note 
that kisspeptin expression was mainly restricted more laterally and dorsally than NPY 
expression (Fig. 4.5C, G, K). When we explored dual-labeling of BrdU- and kisspeptin-positive 
cells of the ARC, we saw a number of dual-labeled neurons (Fig. 4.5D, E). Upon quantification, 
we determined 33.6% ± 1.5% (n=3) of kisspeptin neurons are born on e11.5, two days before 
we and others (Kumar, et al. 2014) are able to detect these neurons in the embryo (Fig. 4.5Q). 
Following this finding, we went on to determine the number of kisspeptin neurons differentiating 
at e12.5. Interestingly, we visualized a number of double-labeled BrdU and kisspeptin neurons 
(Fig. 4.5I). Quantification uncovered that, in fact, 19.7% ± 1.0% (n=3) of kisspeptin neurons 
differentiated on e12.5 (Fig. 4.5Q), a very similar trend to what was observed for NPY neurons. 
 To confirm that kisspeptin neurogenesis indeed appears to follow a nearly identical 
pattern of birth to that of NPY neurons of the ARC, we chose to look at e13.5. We hypothesized 
that kisspeptin neurogenesis may occur over a more broad time course than NPY 
neurogenesis, potentially explaining our phenotype in Rbpj cKO mice. However, we noticed that 
almost no kisspeptin neurons double-labeled with BrdU (Fig. 4.5L, M). Quantification revealed 
that a mere 1.5% ± 0.8% of kisspeptin neurons were born at e13.5, again paralleling what was 
observed for NPY neurogenesis in the ARC (Fig. 4.5Q). Since the timing of differentiation of 
NPY and kisspeptin neurons is not different, this lends further evidence that Notch signaling is 
necessary in a specific subset of Pomc intermediate cells as well as other precursors for 
development of kisspeptin neurons of the ARC.  
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Loss of kisspeptin persists in the ARC up 5 weeks 
Kisspeptin signaling is essential for the onset of puberty and reproductive function 
(Navarro, et al. 2004; Han, et al. 2005; Clarkson and Herbison. 2006), so we next determined 
the presence of kisspeptin neurons within the ARC closer to the age of mature reproductive 
function to determine if there was a persistent phenotype in the Rbpj cKO mice. Similar to 
observations embryonically and at p0 (Fig. 4.1), we observed a persistent loss of HVZ 
progenitors and collapse of the 3V continuing as far out as p35. Due to this observation, we first 
visualized NPY neurons to both determine if feeding circuit neurons similarly behaved the same 
as e18.5/p0 as well as to identify the ARC in Rbpj cKO mice. In control mice, NPY expression 
was robust and lateral to the 3V (Fig. 4.6A). Rbpj cKO mice showed NPY-positive neurons 
scattered throughout the entire ARC, with no lateral restriction due to the loss of the 3V (Fig. 
4.6B). After identifying the ARC in cKO mice, we next determined if kisspeptin neurons were 
present. Kisspeptin neurons and fibers were easily detected in control females, lying similarly 
lateral to the 3V (Fig. 4.6C). Interestingly, our findings in Rbpj cKO mice paralleled observations 
made at p0. In slides adjacent to those used to identify the ARC via NPY immunohistochemistry 
(Fig. 4.6B), we observed virtually no kisspeptin positive neurons or fibers (Fig. 4.6D). These 
results are interesting, as they further suggest the importance for Notch signaling in the 
development of kisspeptin neurons not only during early neurogenesis, but also into adulthood.  
Kisspeptin neurons of the RP3V/AVPV are also affected in cKO mice 
While it would appear that Notch signaling is important for development of kisspeptin 
neurons of the ARC, it is unclear if this regulation is context specific within the ARC. Many 
groups have shown that another population of kisspeptin-positive neurons exists clustered 
mainly in the rostral periventricular region of the third ventricle (RP3V) and anteroventral 
periventricular nucleus (AVPV) (Cravo, et al. 2011; Knoll, et al. 2013). Factors necessary for the 
development of this population of kisspeptin neurons are less well known and it is unclear 
whether Notch signaling is playing a role in development of this region. Previous studies have 
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shown that Nkx2.1 expression extends into the region of the presumptive RP3V/AVPV 
(Salvatierra, et al. 2014), making it likely that Notch signaling is also disrupted in this region in 
the Rbpj cKO mice. It would be interesting to determine if kisspeptin neurons follow a similar 
phenotype in the RP3V/AVPV as in the ARC, as it would offer some support that all kisspeptin 
neurons of the brain share some common developmental homology. The location of the 
RP3V/AVPV was confirmed by observing the presence of tyrosine hydroxylase (TH)-positive 
neurons, a commonly used marker of a different subset of neurons within the periventricular 
nucleus (Kauffman, et al. 2007). In control mice, TH-positive cell bodies appeared to hug the 
rostral 3V and extend through the region of interest (Fig. 4.6E). Similar to findings within the 
ARC, TH-positive neurons and fibers also appeared throughout the extent of the RP3V/AVPV of 
Rbpj cKO mice (Aujla, et al. 2013) (Fig. 4.6F). We detected a number of kisspeptin-positive cell 
bodies and fibers throughout the extent of the RP3V/AVPV in control mice (Fig. 4.6G). Much to 
our surprise, we observed an identical phenotype to that of the ARC in Rbpj cKO mice: we 
observed virtually no kisspeptin-positive cell bodies or fibers in the RP3V/AVPV (Fig. 4.6H). 
These findings suggest that active Notch signaling is necessary not only for early kisspeptin 
differentiation within the ARC, but is also required for formation of kisspeptin neurons in the 
RP3V/AVPV. 
Rbpj cKO Mice Are Reproductively Challenged and Females Display Compromised Cyclicity 
 Given that we observed a loss of Kiss1/kisspeptin in both brain regions of Rbpj cKO 
mice, we wanted to determine the reproductive consequences of this phenotype. To this end, 6-
week old male and female Rbpj control or cKO mice were paired for one week with age 
matched counterparts. Reproductive output was determined by both the presence of a litter and 
the total number of pups per litter. We observed that male mice were strikingly subfertile when 
compared to control counterparts, with only one Rbpj cKO mouse ever siring a litter (Figure 
4.7A). Female mice had an even more severe phenotype, as Rbpj cKO females were rendered 
completely infertile compared to their control littermates (Figure 4.7A). To ensure that Rbpj cKO 
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mice were not simply reproductively immature compared to control littermates, an identical 
mating was performed on the same mice one week following the initial breeding study. These 
results were nearly identical to those reported in Figure 4.7A, with no Rbpj cKO males or female 
mice producing a litter. This phenomenon was not due to Rbpj cKO mice not attempting to 
copulate, as cKO males consistently plugged females and cKO females had detectable vaginal 
plugs after mating. We further sought to determine if cKO female mice had a regular estrous 
cycle. We observed that Rbpj control mice regularly cycled through estrus; however Rbpj cKO 
mice appeared to occasionally enter the prosestrus/metestrus phase, but failed to ever fully 
reach estrus (Figure 4.7B) as determined by the lack of an indistinguishable abundance of 
cornified epithelia.  
 
Discussion 
Our studies provide evidence for the necessity of active Rbpj-κ dependent Notch 
signaling for the development of kisspeptin neurons within the ARC. This is in contrast to 
previous work that has shown that loss of Rbpj-κ leads to an increased number of energy 
balance neurons, as well as a clear presence of other neuronal subtypes (Aujla, et al. 2013). 
We also have shown that persistent Notch signaling leads to a reduction in the number of 
kisspeptin neurons within the ARC, suggesting that active Notch signaling is not only blocking 
neural differentiation of HVZ progenitors, but is also a critical component of the development of 
the kisspeptin system within the ARC. There appears to be no difference in the timing of 
neurogenesis for different neuronal subtypes of the ARC, and it also appears that there is a 
great deal of homology of development between each neuronal subpopulation. Based on these 
observations, we propose that early Notch signaling completely blocks neural differentiation of 
progenitors within the HVZ. However, when progenitors escape the cell cycle and begin 
maturing, subsequent Notch signaling is then necessary for Kiss1 development and expression 
(Fig. 4.8). This finding is especially interesting, as it is clear that some, but not all, neural 
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subtypes within the hypothalamus arising from a common progenitor rely on differential sets of 
signals to fully mature. This would lend evidence to the argument that early fate choices are still 
rather plastic and subject to dynamic change during critical windows of development.  
Neurons develop from early progenitors lining the ventricular zone throughout the entire 
brain (Fishell, et al. 1993). Early markers such as Nkx2.1, Lhx1, and Lhx9 within the 
presumptive hypothalamus play critical roles in forming the borders that ultimately become the 
specific nuclei of the anterior hypothalamus (Shimogori, et al. 2010). Lhx2 has also recently 
been shown to be expressed within the HVZ of the presumptive ARC and has a great deal of 
overlap with Nkx2.1 (Salvatierra, et al. 2014). One of the earliest defining boundaries of the 
developing ARC is Pomc (Shimogori, et al. 2010), detectable as early as e10.5 (McNay, et al. 
2006). We have shown that at least a subset of kisspeptin expressing neurons of the ARC are 
indeed derived from a common progenitor population of early expressing Pomc cells. Though it 
is clear that a larger proportion of NPY neurons develop through this progression, it is important 
to consider that kisspeptin neurons of the ARC are developmentally somewhat similar to POMC 
and NPY (and presumably other neurons of the ARC). It is likely that early differentiation events 
induce neurons to express Pomc, and subsequent signals further instruct their differentiation to 
their respective mature lineages, which may or may not include continued Pomc expression.  
In this study we found that many, but not all, NPY or kisspeptin neurons appear to be 
derived from a Pomc expressing intermediate progenitor. A number of likely scenarios may 
explain this observed phenomenon. First, it is possible that the expression of the tdTomato is 
not fully robust in all cell types of the brain. This would lead to a subset of NPY- or kisspeptin-
expressing neurons which did in fact arise from a Pomc expressing progenitor, but do not label 
with the tdTomato protein. Another possibility is that cre recombinase may not be fully penetrant 
in Pomc expressing cells; however, it has been characterized to have high penetrance and 
specificity (upwards of 95%) (Balthasar, et al. 2004). A very recent report has performed similar 
lineage tracing experiments of kisspeptin expressing neurons of the ARC utilizing two different 
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Pomc-cre mouse strains (Pomc-cre(BAC1) (Balthasar, et al. 2004) or Pomc-cre(BAC2) 
(McHugh, et al. 2007)) by means of a fluorescent ribosomal labeling of Pomc fated cells (Sanz, 
et al. 2015). Interestingly, their findings utilizing the identical Pomc-cre strain (Pomc-cre(BAC1) 
(Balthasar, et al. 2004) with a different reporter technique suggest that approximately 27% of 
kisspeptin neurons arise from Pomc expressing progenitors. These data are comparable to our 
findings utilizing the tdTomato protein to label Pomc cells and suggest that a proportion of 
kisspeptin neurons are either derived from another undefined early intermediate subpopulation 
of cells or directly from Sox2 expressing progenitors of the HVZ. However, using the Pomc-
cre(BAC2) model, Sanz, et al. detect a much higher percentage of kisspeptin neurons fated 
through a Pomc lineage. Therefore, it is still possible that the majority of mature kisspeptin 
neurons are indeed derived from an immature Pomc expressing intermediate. 
Throughout the brain and within the hypothalamus, development of each different 
cellular subtype occurs at very distinct, well-defined time points throughout neurogenesis 
(Altman and Bayer. 1978; Altman and Bayer. 1990). It has been long-known that development 
of neurons of the hypothalamus occurs over a relatively narrow window during gestation in the 
mouse and rat; however, the techniques used, such as labeling with [3H] thymidine, do not allow 
for one to identify which specific neurons are being labeled. Ishii and Bouret characterized the 
birth of leptin responsive neurons within the ARC; however, these could be POMC, NPY or 
kisspeptin neurons (Korner, et al. 2001; Balthasar, et al. 2004; Smith, et al. 2006). We 
hypothesized that if there was a subtle delay in neurogenesis between NPY and kisspeptin 
neurons, the progenitor pool within the HVZ could be depleted by the time kisspeptin neurons 
would be born in the Rbpj cKO mice. However, our data would suggest otherwise: differentiation 
of NPY and kisspeptin neurons occur at nearly identical times. To our knowledge, this is the first 
study to birthdate kisspeptin neurons in the ARC of the mouse. Desroziers, et al. performed 
similar BrdU birthdating of ARC kisspeptin neurons within the rat and report that neurogenesis 
occurs over a more broad window, beginning at e12.5, peaking and e15.5, and not completely 
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ending by e17.5 (Desroziers, et al. 2012). While our studies have only explored the wave of 
neurogenesis between e11.5 and e13.5, we find it very interesting that a large majority of 
kisspeptin neurogenesis within the mouse occurs within this narrower timeframe. This does not 
preclude the possibility of a second wave of kisspeptin neurogenesis later in embryonic 
development, however. Combining the lineage tracing data and these observations, we propose 
that Notch signaling is indeed playing two roles during neurogenesis: first to maintain 
progenitors within the HVZ, but also to induce differentiation of kisspeptin neurons. 
As discussed previously, it would appear that distinct neuronal subtypes of the ARC rely 
on specific factors to instruct their differentiation towards the numerous lineages of neurons 
present.  A number of transcription factors, namely Mash1 and Ngn3, are critical in promoting 
neurogenesis and differentiation of both POMC and NPY neurons (McNay, et al. 2006; Pelling, 
et al. 2011). To date, very little data exist describing genes important in development of ARC 
kisspeptin neurons; however, we propose that Rbpj-κ may be one candidate. Another potential 
factor which has been suggested to play a role in kisspeptin neuron number within the ARC is 
the Bax gene (Semaan, et al. 2010). Semaan, et al. have shown that Bax knockout mice 
possess significantly more kisspeptin neurons, suggesting that apoptosis during embryonic 
development and perinatally may play a role in the number of kisspeptin cells of the ARC. 
Interestingly, in other tissues of the body Bax expression is regulated by Notch signaling (Ye, et 
al. 2012). Given that we have previously reported cell death via TUNEL staining in the HVZ of 
Rbpj cKO mice (Aujla, et al. 2013), it is entirely possible that Bax expression is dysregulated, 
resulting in apoptosis of specific progenitors giving rise to kisspeptin neurons.  
Another way Notch signaling may be regulating kisspeptin neuron fate could be direct 
control of Kiss1 transcription. A recent study has revealed a critical ARC specific enhancer 
element upstream of the Kiss1 transcriptional start site (Goto, et al. 2015). Goto, et al. define a 
subset of transcription factors that have putative binding sites on the Kiss1 enhancer; however, 
did not describe Notch signaling as a potential regulator. We performed promoter and enhancer 
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analysis of the Kiss1 gene, which revealed a number of potential Rbpj-κ binding sites both 
within the proximal promoter as well as the ARC-specific enhancer as defined in Goto et al. 
Within the context of C2C12 cells, Rbpj-κ frequently bound to DNA and upon complexing with 
NICD/MAML regulated gene expression at very distal sites from the transcriptional start site in 
addition to sites in proximal promoters (Castel, et al. 2013). Taken together, one could postulate 
that Rbpj-κ may be acting in a similar manner on the Kiss1 gene such that activation of Notch 
signaling would induce gene expression, which may explain the necessity for Notch signaling for 
kisspeptin neurons of the ARC and AVPV. 
Not only do intrinsic signals of the developing hypothalamus play a key role in pattern 
specification and cellular fate choice decisions, but external stimuli can influence development 
of tissue as well. One source of such environmental signaling may come from a pregnant 
mother’s amniotic environment.  It is becoming increasingly clear that hormones such as leptin 
and insulin, which activate ARC neurons in adulthood, may play a role in the neuronal profile 
that is set up during gestation. In vitro data by Desai et al. have shown that high levels of leptin 
and insulin can prevent differentiation of hypothalamic progenitor cells which may be mediated 
by an increase in Notch signaling (Desai, et al. 2011). Given that we hypothesize that Notch 
signaling is necessary for development of kisspeptin neurons, inappropriate expression of Notch 
signaling and downstream targets during critical windows of development may be able to bias 
intermediate progenitors towards a kisspeptin fate. It is also possible that this bias may be at the 
expense of neurons critical to balancing energy homeostasis. These findings have major 
implications for human health, as many obese mothers are typically hyperinsulinemic and 
hyperleptinemic (Lesseur, et al. 2014; Shapiro, et al. 2015). Taken all together, it is clear that 
the narrow window of neurogenesis may be negatively impacted by the hormonal profile of an 
obese mother and that this dysregulation may be the result of an improper titration of Notch 
signaling, in turn putting the fetus at higher risk of developing obesity or altered reproductive 
development and function later in life.  
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 Kisspeptin neurons have become increasingly interesting within the field of reproductive 
biology. Undoubtedly, these neurons play an important role in reproductive function, as global 
knockouts of Kiss1 or loss of its receptor, Gpr54, lead to infertility (Funes, et al. 2003; Lapatto, 
et al. 2007). Interestingly, while our mice do not completely lack expression of these neurons, 
there is a clear and obvious severe reduction in neuron number that persists in both brain 
regions which house kisspeptin-positive neurons. There has been some dispute as to the 
importance of number of kisspeptin neurons on reproductive function, although it is clear that 
even extraordinarily few neurons can result in normal (or suboptimal) reproductive output (Popa, 
et al. 2013). We report that loss of Rbpj-κ within Nkx2.1 expressing cells results in near 
complete infertility. Given their similar phenotype to a global Kiss1 knockout model, this further 
offers support for the importance of Notch signaling in development of this neuronal subtype.  
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Figures 
 
Fig. 4.1. Both loss and persistent expression of Notch signaling results in a reduction in 
kisspeptin expression. Coronal sections at p0 of both control female (A) and male (D) mice 
show robust Pomc expression lateral to the 3V dispersed through the ARC. Rbpj cKO female 
(B) and male (E) mice show a more disperse Pomc expression pattern and loss of the HVZ. 
NICD persistent expressor female (C) and male (F) mice show an expanded third ventricle (3V) 
and HVZ and block of neural differentiation. Kisspeptin expression for both female (G) and male 
(J) mice appears more modest and restricted more laterally than Pomc to the 3V. Both sexes 
show a visual reduction in kisspeptin expression in both Rbpj cKO (H, K) and NICD tg (I, L) 
mice. Image magnification = 100X. n=3-4. Scale bar = 50 μm. 
 
 
 
 
 
	
101	
 
 
 
Fig. 4.2. Quantification of Kiss1-positive neurons of the ARC. (A) Kiss1 neurons detected 
by in situ hybridization in control female mice. (B) Rbpj cKO mice show a drastic reduction in 
Kiss1 expression, however positive neurons were consistently observed (arrows). (C) 
Quantification of Kiss1 positive neurons shows a rostrocaudal gradient within control Rbpj mice, 
and very few cells are detected in Rbpj cKO mice. (D) Control littermates to NICD tg mice show 
a similar Kiss1 expression pattern to Rbpj control mice. (E) NICD tg mice show very few positive 
Kiss1 cells. (F) Similar to Rbpj mice, NICD control mice show a rostrocaudal gradient of Kiss1 
expression and NICD tg mice show virtually no detectable cells. Image magnification = 100X. 
n=3-4. Scale bar = 50 μm. * < p = 0.05. P-value = 3.1x10-7 for Rbpj cKO and 1.1x10-7 for NICD 
tg. 
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Fig. 4.3. Both NPY and kisspeptin neurons arise from a common Pomc lineage. (A) 200X 
magnification of the ARC. Many NPY-positive neurons of the ARC (green) also co-label with the 
fluorescent tdTomato reporter. (B) 800X confocal microscopy reveals that while many NPY-
positive neurons label with the reporter protein (white arrowheads), a number of NPY-positive 
cells are not tdTomato positive (black arrowheads). (C) 200X magnification also reveals that a 
subset of kisspeptin-positive neurons (green) label with the tdTomato reporter. (D) 800X 
confocal microscopy reveals that some kisspeptin cells label with the reporter (white 
arrowheads), while many positive neurons do not (black arrowheads). n=3. Scale bar in C = 50 
μm, D =25 μm. 
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Fig. 4.4. NPY neurogenesis within the ARC occurs between e11.5 and e12.5. (A) Single 
BrdU injection paradigm on either e11.5, e12.5, or e13.5. Pups were collected on the day of 
birth (p0) and histology was performed. BrdU distribution when exposed at e11.5 (B) or e12.5 
(F) appeared abundant and relatively evenly distributed throughout the ARC (N, O). When 
exposed at e13.5 (J), a rostrocaudal gradient was observed and far fewer cells retained the 
BrdU label (P). (C, G, K) NPY distribution was uniform throughout in the ventromedial region of 
the ARC at p0 in each of the days of embryonic exposure to BrdU. (D, H, L) A number of 
neurons visually double-labeled with BrdU and appeared to be born on e11.5 (D) and e12.5 (H), 
however few, if any, appeared to differentiate on e13.5 (L). (E, I, M) 800X magnification clearly 
shows several BrdU positive NPY neurons (white arrowheads) and some BrdU negative NPY 
neurons (black arrowheads) when injected at e11.5 (E) and e12.5 (I), but few at e13.5 (M). (Q) 
Quantification of double-labeled neurons show that most of neurogenesis occurs at e11.5 to 
e12.5 and sharply declines by e13.5. Image magnification for B-D, F-H, J-L = 200X, E, I, M = 
800X. n=3. Scale bar in L = 50 μm, M = 10 μm. 
 
 
	
104	
 
 
Fig. 4.5. Kisspeptin neurogenesis also occurs between e11.5 and e12.5 within the ARC. 
(A) An identical injection paradigm was utilized to birthdate kisspeptin neurogenesis within the 
ARC. Injections occurred on either e11.5, e12.5 or e13.5 and pups were collected on p0. (B, F, 
J) BrdU expression patterns mimicked what was observed when birthdating NPY neurons. (C, 
G, K) Kisspeptin expression appeared to be more localized more laterally and dorsally with 
respective to NPY neurons. (D, H, L) Similar to observations made when birthdating NPY 
neurons, a number of kisspeptin neurons differentiated at e11.5 (D) and e12.5 (H), and again 
nearly none differentiated by e13.5 (L). (E, I, M) 800X magnification clearly shows several BrdU 
positive kisspeptin neurons (white arrowheads) when injected at e11.5 (E) and e12.5 (I), but 
again very few at e13.5 (M). BrdU negative kisspeptin neurons were also detected at all ages of 
injection (black arrowheads). (Q) Quantification revealed differentiation of kisspeptin neurons, 
peaking between e11.5 and e12.5, and sharply declining by e13.5. Image magnification = 200X 
for B-D, F-H, J-L, E, I, M = 800X. n=3. Scale bar in L = 50 μm. M = 10 μm. 
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Fig. 4.6. Conditional loss of Rbpj-κ in Nkx2.1 positive cells reduces kisspeptin expression 
in the ARC as late as p35. (A) NPY-positive neurons and fibers extend lateral to the 3V 
throughout the ARC in control mice. (B) In cKO mice, the 3V is still absent in the ARC and NPY-
positive neurons are scattered throughout the entire region. (C) Kisspeptin-positive neurons also 
lie lateral to the 3V and appear to have a similar rostrocaudal gradient as observed at p0. (D) 
cKO mice persistently exhibit a loss of kisspeptin neurons within the ARC as far out as 5 weeks 
of age. (E) TH-positive neurons of the periventricular nucleus are present in the RP3V and 
extend into the AVPV in control mice. (F) TH-positive neurons are also present within the RP3V  
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Fig. 4.6 cont. 
of Rbpj cKO mice and found throughout the defined region. (G) Kisspeptin-positive cell bodies 
and fibers are found just lateral to the rostral 3V in the RP3V/AVPV in control mice. (H) Similar 
to within the ARC, virtually no kisspeptin-positive cells or fibers are found throughout the 
RP3V/AVPV. Image magnification = 100X. n=4. Scale bar in H = 50 μm. 
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Fig. 4.7. Female and male Rbpj cKO mice face severe reproductive challenges. (A) Results 
of a single mating challenge of Rbpj control of cKO males and females with age-matched CD-1 
mice of proven reproductive success. Data are represented as a percentage of mice who 
successfully produced litters and average litter size has been reported. 1 Denotes the litter size 
of the single male Rbpj cKO who sired a litter. (B) Representative cyclicity of 3 Rbpj control (left) 
or cKO (right) females cycled for 14 consecutive days. Note that Rbpj cKO females entered the 
proestrus/metestrus phase, but never fully reached estrus. n=8-11 individuals.  
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Fig. 4.8. Proposed model of neural differentiation of SOX2-positive neurons of the HVZ. 
Previous studies have suggested that nearly all cell-types found within the ARC arise from 
SOX2-positive progenitors of the HVZ. Many of these cells will differentiate into a Pomc 
expressing immature progenitor cell (Pomc Prog.), and can then further mature into at least 3 
other neural subtypes. While a subset of Kiss1 neurons appear to arise from a Pomc lineage, a 
number may come from another progenitor pool. There is the formal possibility that all 
kisspeptin and NPY neurons are derived from a Pomc expressing progenitor as well. Persistent 
Notch signaling appears to completely block differentiation of each neural subtype, but Rbpjκ 
dependent Notch signaling appears necessary for development of kisspeptin neurons. 
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Chapter 5: Cellular fate decisions in the developing female anteroventral periventricular 
nucleus are regulated by canonical Notch signaling 
 
Abstract 
The hypothalamic anteroventral periventricular nucleus (AVPV) is the major regulator of 
reproductive function within the hypothalamic-pituitary-gonadal (HPG) axis. Despite an 
understanding of the function of neuronal subtypes within the AVPV, little is known about the 
molecular mechanisms regulating their development. Previous work from our lab has 
demonstrated that Notch signaling is required in progenitor cell maintenance and formation of 
kisspeptin neurons of the arcuate nucleus (ARC) while simultaneously restraining POMC 
neuron number. Based on these findings, we hypothesized that the Notch signaling pathway 
may act similarly in the AVPV by promoting development of kisspeptin neurons at the expense 
of other neuronal subtypes. To address this hypothesis, we utilized a genetic mouse model with 
a conditional loss of Rbpj in Nkx2.1 expressing cells (Rbpj cKO). We noted an increase in 
cellular proliferation, as marked by Ki-67, in the hypothalamic ventricular zone (HVZ) in Rbpj 
cKO mice at E13.5. This corresponded to an increase in general neurogenesis and more TH-
positive neurons. Additionally, an increase in OLIG2-positive early oligodendrocytic precursor 
cells was observed at postnatal day 0 in Rbpj cKO mice. By 5 weeks of age in Rbpj cKO mice, 
TH-positive cells were readily detected in the AVPV but few kisspeptin neurons were present. 
To elucidate the direct effects of Notch signaling on neuron and glia differentiation, an in vitro 
primary hypothalamic neurosphere assay was employed. We demonstrated that treatment with 
the chemical Notch inhibitor DAPT increased mKi67 and Olig2 mRNA expression while 
decreasing astroglial Gfap expression, suggesting Notch signaling regulates both proliferation 
and early glial fate decisions. A modest increase in expression of TH in both the cell soma and 
neurite extensions was observed after extended culture, suggesting that inhibition of Notch 
signaling alone is enough to bias progenitors towards a dopaminergic fate. Together, these data 
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suggest that Notch signaling restricts early cellular proliferation and differentiation of neurons 
and oligodendrocytes both in vivo and in vitro and acts as a fate selector of kisspeptin neurons. 
____________________________________________________________________________ 
*Biehl MJ, Kaylan KB, Thompson RJ, Underhill GH, Raetzman LT, in preparation for publication 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
111	
Introduction 
  Development and patterning of the ventral diencephalon is dependent upon a concert of 
transcription factors in order to acquire regional identity (Ferran et al., 2015). As each specific 
region is formed, it begins producing cellular subtypes with distinct neuropeptides required for it 
to perform its function (Yee et al., 2009). Theses collections of neuronal cell bodies are named 
hypothalamic nuclei and each contribute a unique role in regulating whole body homeostasis 
(Altman and Bayer, 1978). In particular, hypothalamic control of reproduction is strongly 
regulated within the anterior portion of the hypothalamus, both along the third ventricle (3V) in 
the arcuate nucleus and in the anteroventral periventricular nucleus (AVPV) (Simerly et al., 
1985). This is performed by a population of neurons producing the kisspeptin peptide, which is a 
strong activator of gonadotropin releasing hormone (GnRH) release to the anterior pituitary 
(Han et al., 2005). GnRH release is also potently inhibited by dopamine produced by neurons 
expressing the enzyme tyrosine hydroxylase (TH) (Liu and Herbison, 2013). Interestingly, it has 
been shown that most kisspeptin expressing neurons co-express TH, whereas a subset of TH-
positive neurons do not co-express kisspeptin, suggesting the importance for the finely tuned 
balance of each of these neuronal subpopulations in release of GnRH and the subsequent LH 
surge (Clarkson and Herbison, 2011). While numerous studies have focused on the function of 
these subpopulations within the AVPV, it still remains unclear the molecular mechanisms 
involved in both their differentiation from a common progenitor pool, as well as signals which 
instruct them to express their unique neuropeptide profile. Only a few studies, most 
characterizing the development of TH- or ERa-positive mature cells, have been conducted 
(Bodo et al., 2006; Chakraborty et al., 2005).  
While neurons are classically considered the functional cell type of the brain, it is 
important to note that other cell types such as radial glia which acts as a common progenitor 
and give rise to cells responsible for formation of neuronal circuitries and those responsible for 
relaying formation of the cerebral spinal fluid (CSF) to neurons are equally as important in 
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hypothalamic function (Alvarez-Bolado et al., 2012; Garcia-Ciceres et al., 2016; Yang et al., 
2015). Additionally, fate decisions of mature cellular subpopulations of the hypothalamus do not 
occur concurrently. Rather, fate decisions are restricted temporally, with neurogenesis occurring 
primarily between E11.5 and E14.5, and gliogenesis following occurring from roughly E14.5 to 
E19.5 (Marsters et al., 2016). Proper gliogenesis has been established to be critical for 
regulation of multiple processes within the hypothalamus. Namely, they can directly respond to 
circulating metabolic cues and modulate neuronal activity in the feeding centers of the brain 
(Horvath et al., 2010; Le Foll et al., 2014). Additionally, astrocytes have also recently been 
hypothesized to be involved in de novo synthesis of steroids, hinting at a role in central control 
of reproduction as well (Micevych et al., 2003). Finally, oligodendrocytes function to myelinate 
neurons throughout the brain in order to promote their rapid response to an ever changing 
environment (Melcangi et al., 1988). Multiple developmental signaling pathways have been 
implied in glial differentiation, many of which are also involved in hypothalamic specification and 
neurogenesis (Nery et al., 2001; Peng et al., 2012). For instance, the Sonic hedgehog (SHH) 
signaling pathway has been shown not only to be involved in hypothalamic patterning, but also 
promotes oligodendrocytic development via upregulation of Olig2 and Pdgfa, two factors 
necessary for oligodendrocyte specification (Nery et al., 2001). However, the role of other 
pathways in gliogenesis is relatively unexplored. 
Other cellular subtypes found throughout the lining of the third ventricle (3V) include 
ciliated ependymal cells, arising from a Foxj1 expressing lineage, important for movements of 
cerebral spinal fluid through the ventricle and relay of signals circulating through the CSF to the 
underlying parenchyma (Abedalthagafi et al., 2016). These cells serve both a structural role to 
allow for the 3V to maintain its integrity as well as a conduit to allow for rapid adjustments to 
whole body homeostasis depending on physiological need (De los Angeles García et al., 2003). 
Finally, hypothalamic tanycytes, a specialized ciliated glial-like cell found within the 
hypothalamic ventricular zone (HVZ) act as a source of stem cells in the postnatal period as well 
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as providing information to mature cells within the parenchyma (Duncan et al., 2015). 
Specifically, hypothalamic tanycytes have been shown to act as mature glucose sensors to alter 
metabolic status (Salgado et al., 2014). Given their relatedness to other radial glia, these 
specialized stem cells have been shown to robustly express Gfap as well as additional 
identifying transcription factors (Campbell et al., 2017; Walsh et al., 1978). 
  One signaling pathway that has been shown to play a critical role in neuronal 
differentiation within the developing ventral diencephalon is the Notch signaling pathway 
(Chapouton et al., 2011). Notch signaling is an evolutionarily conserved cell-to-cell signaling 
pathway involved in progenitor maintenance, differentiation, fate choice, and patterning 
throughout the body (Lu et al., 2016; Okigawa et al., 2014). Classically, Notch signaling 
maintains progenitor cells through complexing with the co-activator RBPJ-K, among others, to 
activate of Hes family genes (de la Pompa et al., 1997). Typically, differentiation is prevented 
during high levels of Hes expression via active repression of proneural genes such as Mash1 
(Casarosa et al., 1999). Additionally, Notch signaling acts as a fate selector during 
development, such that active signaling may play a role in biasing an undifferentiated progenitor 
cell to adopt a specific cellular sub-fate (Ramasamy and Lenka, 2010). Previous work from our 
lab has shown that loss of RBPJ-K results in progenitor cell loss and premature differentiation of 
Pomc expressing neurons (Aujla et al., 2013). Interestingly, Notch signaling is also necessary 
during development to give rise to kisspeptin neurons of the ARC, suggesting its role in later 
fate decisions as well (Biehl and Raetzman, 2015). We have also previously shown that active 
Notch signaling has the capability to promote premature gliogenesis and tanycyte specification 
within the ARC (Aujla et al., 2013). Additionally, in vitro studies have shown that inhibition of 
Notch signaling in human embryonic stem cells coupled with treatment of brain derived 
neurotrophic factor (BDNF) is sufficient to induce differentiation of neurons of an ARC 
phenotype, namely POMC, NPY, and dopaminergic neurons (Wang et al., 2014). While these 
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phenomena have been observed in other regions of the brain and in vitro, it has yet to be shown 
the role Notch signaling has on development and cellular fate choices specifically within the 
AVPV. 
 The goal of the current study is to further our understanding of the development of each 
of the aforementioned cellular subtypes within the AVPV. We hypothesized that the Notch 
signaling pathway would both regulate cellular proliferation as well as early and late fate 
decisions within the AVPV. To address this hypothesis, we utilized a conditional knockout of 
Rpbj (Rbpj cKO) in Nkx2.1 positive cells of the developing rostral ventral diencephalon. 
Additionally, we acutely manipulated Notch signaling in a pure population of hypothalamic 
progenitor cells in vitro. We report that loss of canonical Notch signaling does not affect SOX2-
positive progenitor maintenance. Interestingly, loss of Notch signaling promotes cellular 
proliferation in vivo and in vitro. Active Notch signaling also appears to restrain TH-neuron 
number and OLIG2-positive parenchymal oligodendrocytic precursors in vivo and to some 
extent in vitro, while also being necessary for development of kisspeptin neurons of the AVPV. 
Taken together, these data suggest that Notch signaling is a critical controller of cellular 
proliferation, neurogenesis and gliogenesis, but is not involved in progenitor cell maintenance 
during development within the AVPV. 
 
Materials and Methods 
Mice 
 RBPJ-κ conditional knock-out (Rbpj cKO) mice were generated using established 
genetic mouse models. Rbpjtm1Hon (Rbpj-κ fl) mice provided by Dr. Tasuku Honjo (Kyoto 
University, Japan) (Tanigaki et al., 2004) were bred to C57BL/6J-Tg(Nkx2-1-cre)2Sand/J 
(Nkx2.1-cre) mice (Kusakabe et al., 2006) purchased from Jackson Laboratories to generate 
Rbpj cKO mice. B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (RosatdTomato fl) mice (Madisen et al., 
2010) were also purchased from Jackson Laboratories and mated to Nkx2.1-cre mice to lineage 
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trace Nkx2.1 expressing cells. CD-1 mice (Charles Rivers Laboratories, USA) of mixed sexes 
were used to generate hypothalamic neurospheres. To genotype, tail biopsies were collected 
and DNA was extracted either via salt-out or HotSHOT method (Madisen et al., 2010; Miller et 
al., 1988; Truett et al., 2000). PCR was performed on DNA utilizing primer sets previously 
described or from Jackson Laboratory’s online database (Aujla et al., 2013; Goldberg et al., 
2011). Breeding colonies were maintained in a facility with a 12-hour light/dark cycle at the 
University of Illinois at Urbana Champaign (UIUC). All protocols were approved by the UIUC 
Institutional Animal Care and Use Committee. 
Tissue collection 
 Rbpjfl/fl; Nkx2.1-cre+/+ (Rbpj control) or Rbpjfl/fl; Nkx2.1-cre+/cre (Rbpj cKO) mice were 
collected on embryonic day (E)13.5 (both sexes) or the day of birth (P0) (females only) and 
fixed for 1 hour at room temperature (E13.5) or overnight at 4° C (P0) in 3.7% formaldehyde 
solution (Sigma-Aldrich, USA) diluted in phosphate-buffered saline (PBS). The day a visible plug 
was detected was determined as E0.5. Tissue was then dehydrated through graded ethanols, 
methyl salicylate, and embedded in paraffin wax. Serial sagittal (E13.5) or coronal sections (P0) 
(6 μm) were collected and two or three sequential sections were mounted on charged slides for 
histological analysis. Rbpj control and cKO brains collected at P35 were collected from mice 
perfused with 4% PFA (Fisher Scientific, USA) dissolved in PBS, cryoprotected at 4°C in 30% 
sucrose solution in PBS and then snap frozen in O.C.T compound (TissueTek, CA, USA). Serial 
coronal sections (10 μm) were collected and mounted on charged slides for histological analysis 
as similarly described above. For lineage tracing, Nkx2.1-cre+/cre mice were mated to RosatdTomato 
floxed mice and collected on E13.5. Embryos were fixed for 1 hour at room temperature in 4% 
PFA, cryoprotected in 30% sucrose solution in PBS and snap frozen in O.C.T. compound. 10 
µm serial sagittal sections were collected and mounted as described above. 
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Immunohistochemistry 
To observe gross morphology at E13.5 or P0, sections were deparaffinized, washed, 
stained with Hematoxylin Stain 3 (Fisher Scientific, USA) followed by staining with Eosin Y 
Solution with Phloxine (Sigma-Aldrich, MO, USA), washed, and mounted with Permount (Fisher 
Scientific, USA). For fluorescent microscopy, sections were deparaffinized, washed, and boiled 
in citrate solution (10 mM, pH 6.0). Following antigen retrieval, slides were blocked in blocking 
solution (5% normal donkey serum, 3% bovine serum albumen and 0.5% Triton-X100 diluted in 
sterile PBS). Frozen sections were thawed, fixed for 10 minutes in 4% PFA, washed in PBS, 
and blocked with identical solutions. Following blocking, antibody was incubated on tissue 
sections overnight at 4° C diluted in appropriate blocking solution. Primary antibodies used were 
raised against the following peptides: tyrosine hydroxylase (TH) (AB152 1:1500; Millipore, MA, 
USA), SOX2 (AB5603 1:5000; Millipore, MA, USA), SOX9 (AB5535 1:1000; Millipore, MA, 
USA), ERa (06-935 1:1000; Millipore, MA, USA), Ki67 (550609 1:1000; BD Pharmingen, CA, 
USA), kisspeptin (Kp10) (AB9754 1:1500; Millipore, MA, USA), GFAP (RB-087-A1 1:250; 
Thermo Fisher Scientific, MA, USA) OLIG2 (MABN50 1:300; Millipore, MA, USA), FOXJ1 (14-
9965 1:1:500; Affymetrix, CA, USA), HuC/D (A-21271 1:250; Molecular Probes, OR, USA). 
Slides were then incubated with biotin-conjugated rabbit (TH, SOX2, SOX9, ERa, GFAP) or 
mouse (Ki67, OLIG2, FOXJ1, HuC/D) secondary antibody (E13.5, P0) diluted in blocking 
solution for one hour at room temperature. Slides were then washed and incubated with 
streptavidin conjugated Cy3. Frozen sections were incubated with Cy3-conjugated rabbit (TH, 
Kp10, GFAP) for one hour at room temperature. Secondary and tertiary antibodies were 
purchased from Jackson ImmunoResearch (PA, USA) and all were used at a concentration of 
1:200. Slides were mounted with mounting media containing 4’,6-diamidino-2-phenylindole 
(DAPI, 1:1000; Sigma-Aldrich, MO, USA). Cell death via apoptosis was assessed via terminal 
deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) method using the in situ 
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cell death detection kit (Roche, IN, USA) according to manufacturer’s protocol. Slides were then 
visualized at either 100X or 200X using a Leica DM2560. Images were taken using a Retiga 
2000R color camera and acquired using Q-Capture software (Q-Imaging, Surrey, Canada). 
Images were processed using Adobe Photoshop CS6 (Adobe, CA, USA) and cells counts were 
quantified using ImageJ software (NIH, MA, USA). 
In situ hybridization 
Slides were deparaffinized, washed, permeabilized, digested with Proteinase-K, 
acetylated, and incubated in hybridization solution (55° C). Probes for either Notch1, Notch2, 
Hes1, Hes5, Mash1, and Shh (Aujla et al., 2015, 2013) were all diluted 1:100 and linearized with 
appropriate enzymes and transcribed with polymerase in the presence of digoxigenin-labeled 
nucleotides. Labeled probes were denatured at 95° C for 3 minutes and incubated overnight at 
hybridization temperature. Slides were then washed in 50% 0.5X formamide solution, washed in 
0.5X sodium citrate, and blocked in ISH blocking solution (10% heat-inactivated sheep serum, 
2% bovine serum albumen and 0.1% Triton-X100 in Tris-buffered saline). Following blocking, 
slides were incubated with anti-digoxigenin (1:500, Roche, IN, USA) antibody diluted in ISH 
block. Slides were then washed in Tris-buffered saline (pH 7.5, then pH 9.5) and incubated for 
12-36 hours in NBT/BCIP developing solution (1:50; Roche, IN, USA). Samples were visualized 
identically to immunohistochemical stains and processed using the same software. 
Generation of hypothalamic neurospheres 
For sphere generation, P1 pups were sacrificed by rapid decapitation and whole brains 
were removed. Brains were then placed ventral side up in a chilled neonatal mouse brain slicer 
(Zivic Instruments, PA, USA). A 2mm coronal slice was collected beginning approximately at the 
mammillary body and extending rostrally, encompassing nearly the entire hypothalamus. Slices 
were moved into a dish of ice chilled PBS and a 1.25 mm3 tissue biopsy punch was collected at 
the most ventral end of the coronal slice. Punches from approximately 10 animals were pooled 
together in a solution of PBS containing 1X Anti-Anti solution (Thermo Fisher Scientific, MA, 
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USA). Punches were rinsed 3 times with fresh PBS and dissociated mechanically via trituration 
with a P1000 pipette 30 times. Dissociated cells were centrifuged at 800 x g for 5 minutes, 
resuspended in Complete Media (CM, see formula below), and strained through a 0.22 µm cell 
strainer. 
Culture and passaging of neurospheres 
Primary neurospheres were grown and passaged in Complete Media (CM) formulation 
composed of DMEM/F12 (Thermo Fisher Scientific, MA, USA) supplemented with 20 ng/mL 
human FGF basic (hFGFb) (R&D Systems, MN, USA), 20 ng/mL mouse EGF (mEGF) (R&D 
Systems, MN, USA), 2.92 µg/mL L-Glutamine (Fisher Scientific, MA, USA), 2% B27 supplement 
(Thermo Fisher Scientific, MA, USA), and 1% Anti-Anti (Fungizone, 100 units/ml penicillin, and 
100 µg/ml streptomyocin; Thermo Fisher Scientific, MA, USA). Initially, cells were plated in a 
T25 flask. After 3 days, cells were passaged via collection of suspended spheres. Flasks were 
gently rinsed to collect any loosely adherent spheres, selecting against tightly adherent glia and 
neurons. Cells were centrifuged as described above, resuspended in fresh CM, mechanically 
dissociated, and re-plated in a new T25. Three days following the first media change, spheres 
were expanded identically as described prior but into a T75 flask. Media was changed one final 
time and the fourth passage was plated for all experiments described. At this point, there were 
approximately 12 million cells present. 
Cell plating for immunocytochemistry (ICC) and RNA analysis 
To plate cells to visualize via ICC, glass coverslips were sterilized in 100% ethanol and 
placed in 12-well plates. Coverslips were coated with 0.01% Poly-L-Lysine (PLL) for 2 hours 
prior to plating and rinsed twice with PBS. Spheres from the final passage were pelleted and 
resuspended mechanically in CM. Approximately 400,000 – 800,000 cells in 1 mL volume were 
plated in each well and allowed to grow for 72 hours. For RNA analysis, 800,000 – 1,000,000 
cells were plated in 0.5 mL volume in each well of uncoated 12-well plates for 72 hours. Cells 
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were treated with 10 µM N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester 
(DAPT) or DMSO at the time of plating to determine the effect of Notch signaling. 
Quantitative reverse transcriptase PCR (q-RTPCR) 
RNA was isolated from cultured spheres via TRIzol extraction method. 0.5 µg of RNA 
was synthesized into cDNA using the ProtoScript M-MuLV First Strand cDNA synthesis kit (New 
England BioLabs, MA, USA). For each culture, a no enzyme sample was included as a negative 
control. For q-RTPCR analysis, 0.2 µL of cDNA was amplified using gene-specific primers 
diluted in SYBR green enzyme mix (Bio-Rad Laboratories, CA, USA) on a Bio-Rad MyIQ real-
time PCR machine. Data were analyzed via the double change in threshold cycle (DDCT) 
method as previously described (Goldberg, et al. 2011a). Samples were normalized to levels of 
the control gene Rpl7 and statistical significance was determined in Microsoft Excel via the 
Student’s two-tailed t-test with a level of significance of p<0.05. 
Genes amplified via q-RTPCR are as follows: Rpl7 forward, CGC ACT GAG ATT CGG 
ATG; Rpl7 reverse, TTA ATT GAA GCC TTG TTG AGC; Hes1 forward, AAA TGA CTG TGA 
AGC ACC; Hes1 reverse, TCA TGC ACT CGC TGA AGC; Hes5 forward, CGC ATC AAC AGC 
AGC ATA GAG; Hes5 reverse, TGG AAG TGG TAA AGC AGC TTC; Hey1 forward, TCT TGC 
AGA TGA CTG TGG; Hey1 reverse, ATG ATG CTC AGA TAA CGG; Mash1 forward, TGG ACT 
TTG GAA GCA GGA TGG; Mash1 reverse, TGA CGT CGT TGG CGA GAA ACA; Olig2 
forward, CTA ATT CAC ATT CGG AAG GTT G; mKi67 forward, CCA GGG ATC TCA GCG 
CAA TTA CAG; mKi67 reverse, GGA TAG GAC AGA GGG CCA CAT TC; Olig2 reverse, GGA 
CGA TGG GCG ACT AGA C; Gfap forward, TGA ATC GCT GGA GGA GGA G; Gfap reverse, 
TGT GAG GTC TGG CTT GGC; Nes forward, AGC AGG GTC TAC AGA GTC AG; Nes 
reverse, GTC CTG TAT GTA GCC ACT TCC; Lhx2 forward, GCC AAG GAC TTG AAG CAG 
CT; Lhx2 reverse, GGT TGC GCC TGA ACT TGG CC. 
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Image quantification 
For counts of TH-positive cells and cell death via TUNEL at E13.5, 3 sections 
parasagittal to the midline were stained and positive cells were quantified via an independent 
observer blind to the genotypes of each animal. For OLIG2 cell counts at P0, 4 representative 
coronal sections were chosen through the rostrocaudal extent of the AVPV and the number of 
OLIG2-positive cells within the area corresponding with ERa signal were quantified via an 
independent observer. Two sections per slide for n=3-4 animals of each genotype were 
calculated and the data represents the average number of positive cells per section and the 
standard error of the mean. Statistical significance was determined via Microsoft Excel via the 
Student’s two-tailed t-test and significance was determined with p<0.05. 
For TH differentiation quantification in cultures, fluorescent micrographs of each channel 
(e.g., blue) were converted to 8-bit TIFF images in Fiji (ImageJ version 1.51a). Converted 
images were analyzed in CellProfiler (version 2.1.1) using the following modules: 
IdentifyPrimaryObjects to identify DAPI-labeled cell nuclei; IdentifySecondaryObjects to quantify 
TH intensity of cell soma; and MeasureNeurons to quantify TH intensity of neurites. Single-cell 
data from all three modules were output as CSV files using the ExportToSpreadsheet module 
for downstream analysis. Ensemble values for both soma and neurite TH intensity were 
calculated for each biological replicate; plotted values represent the mean and standard error of 
the mean for n=3 biological replicates. An unpaired Wilcoxon rank sum test was used for all 
two-sample comparisons. For all hypothesis testing, p<0.05 was considered significant. 
Assessment of puberty 
 Control and Rbpj cKO females were checked for signs of puberty as early as P20. 
Vaginal opening was checked daily and puberty designated as the first day the vaginal canal 
remained open. Data are represented as the mean day of vaginal opening and standard error of 
the mean with significance determined via the Student’s t-test with p<0.05. 
Analysis of sex steroid hormone levels 
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Blood was collected from 8-week old female mice (n=6-12) in diestrus via cardiac 
puncture. Samples were allowed to clot, then spun at 3000 x g for 10 min to separate serum. 
Serum was then stored at -80° C until hormone levels were measured via enzyme linked 
immunosorbant assay (ELISA). Serum estradiol was measured via absorbance at 450 nm in 
comparison to a generated standard curve using a commercially available EILSA kit (DRG-
2693; NJ, USA). All assays were performed according to manufacturer’s protocol and all 
samples were run in duplicate with all coefficients of variability less than 10%. Data are 
represented as mean serum estradiol and standard error of the mean and significance was 
determined via the Student’s t-test with p<0.05. 
 
Results 
Notch receptors are present in the anterior hypothalamus and presumptive anteroventral 
periventricular nucleus (AVPV) 
 To explore the development of the anterior hypothalamus and nuclei that arise from it, 
we first sought to understand the region morphologically. Immunohistochemistry was used to 
detect the presence of TH-positive neurons, a commonly used marker to identify the AVPV 
(Simerly et al., 1985). In agreement with literature, a collection of TH-positive neurons at E13.5 
both within the ARC and scattered rostrally near the ventricular zone along the rostral 
periventricular area of the third ventricle (RP3V), and then seemed to cluster within the region of  
the AVPV (Fig. 1A) was noted. We next sought to determine if the underlying hypothalamic 
ventricular zone (HVZ) of the anterior hypothalamus indeed arose from Nkx2.1 expressing early 
progenitor cells similar to other regions of the ventral diencephalon (Nakamura et al., 2001). 
Utilizing a genetic labeling tool of the tdTomato red fluorescent protein, any cell which ever 
expressed Nkx2.1 during its development was labeled. A collection of tdTomato-postive labeled 
Nkx2.1 cells in areas previously described, namely the ARC and posterior lobe of the pituitary 
(Nakamura et al., 2001) was noted. Interestingly, Nkx2.1 expression was also observed in the 
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more rostral area of the hypothalamus (Fig. 1B). This anterior region of Nkx2.1-positive signal 
also colocalized with TH-positive neurons, suggesting Nkx2.1 expressing cells indeed give rise 
to the presumptive AVPV (Fig. 1C).  
To determine if Notch receptors were present in the accompanying ventricular zone, in 
situ hybridization was performed. In the ARC, the receptors Notch1 and Notch2 lined the 
continuum of the third ventricle and played an important role in neurogenesis and development 
of that hypothalamic area (Aujla et al., 2013). Similar to previous findings, we noted robust 
Notch1 (Fig. 1D) and Notch2 (Fig. 1E) mRNA expression along the entire HVZ, extending 
rostral to the area accompanying the TH-positive region of the developing AVPV. These results 
suggested that Notch signaling may play a role in the development of the AVPV as well. 
Conditional loss of Rbpj in the AVPV results in gross morphological differences and reduced 
active Notch signaling 
 In order to determine the function Notch signaling plays on development of this region, a  
mouse model of conditional deletion of Rbpj from Nkx2.1 expressing cells was created. The 
most noticeable phenotype was a morphological expansion of the underlying tissue of the 
presumptive AVPV upon deletion of Rbpj (Fig. 2A, B). Following observation of the presence of 
Notch signaling components along the HVZ of the AVPV and given that active Notch signaling 
drives expression of multiple canonical downstream genes of the Hes family (Katoh and Katoh, 
2007), we identified which Hes factors were present and affected by deletion of Rbpj. Similar to 
what was observed in the ARC, weak expression of Hes1 along the developing HVZ in control 
mice (Fig. 2C) was noted, which was completely ablated in Rbpj cKO mice (Fig. 2D).  However, 
expression of Hes5 followed a different pattern: in control mice, Hes5 was robustly expressed 
along the entire HVZ (Fig. 2E) but was notably absent only in the more dorsorostral area of the 
AVPV corresponding with the morphological tissue expansion in Rbpj cKO mice (Fig. 2F). This 
finding is especially interesting given that Hes5 expression is maintained within the ARC of Rbpj 
cKO mice (Aujla et al., 2013). Finally, Mash1, a well-described proneural factor inhibited by the 
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Notch targets Hes1 and Hes5, within the AVPV was examined. Mash1 expression was apparent 
throughout the HVZ (Fig. 2G) and interestingly a corresponding increase in the AVPV of Rbpj 
cKO mice (Fig. 2H) was not observed. Dopaminergic neurons are the first detected neurons in 
the AVPV, and it is hypothesized that the Sonic Hedgehog (SHH) pathway plays a critical role in 
their development (Hynes et al., 1995). With this knowledge, Shh expression in the AVPV was 
characterized. In control mice, Shh was restricted very specifically to the more caudal region of 
the AVPV, close to the area of TH-positive neurons (Fig. 2I). Expression was maintained in Rbpj 
cKO mice in a very similar area despite a loss of Hes1 and reduction in Hes5, suggesting that 
Shh is expressed independent of canonical Notch signaling in this region (Fig. 2J). 
Loss of Notch signaling results in increased cellular proliferation and dopaminergic 
neurogenesis in the AVPV 
 Given the general role of Notch signaling in maintaining cells in a progenitor-like state 
and promoting proliferation, its function in the developing AVPV was examined. We began by 
exploring the dynamics of cells housed within the HVZ of the developing diencephalon. Using 
the antigen Ki-67 as a marker of cellular proliferation, a modest turnover throughout the HVZ of 
control mice (Fig. 3A) was noted. In Rbpj cKO mice, an increase in Ki-67 expression only in a 
specific region of the AVPV, corresponding very closely with Hes5 expression (Fig 3B) was 
noted. This finding may explain, in part, the expansion of the developing AVPV at this age. 
Given this observation, we then sought out to identify what types of cells were found in 
overabundance in the AVPV. First, the expression of the progenitor cell markers from the Sry-
related HMG box (SOX) family were characterized. SOX2, a progenitor cell marker identified as 
one of the four critical factors involved in stem cell maintenance (Takahashi and Yamanaka, 
2006), is expressed within the developing HVZ of the diencephalon and is hypothesized to give 
rise to nearly all of the unique cell types of the hypothalamus (Jayakody et al., 2012). Not 
surprisingly, SOX2 expression closely mimicked Hes family expression along the developing 
HVZ (Fig. 3C). Surprisingly, in Rbpj cKO mice, we observed merely a disorganization in SOX2 
	
124	
expression but not a dramatic change in expression, potentially suggesting that either additional 
signaling pathways are playing a role in maintaining the progenitor pool of the AVPV or that 
Notch signaling is not involved in this process (Fig. 3D). Next, neuronal intermediates and 
neurogenesis were explored. In other regions of the brain, SOX9 expression serves as an 
intermediate precursor marker (Vong et al., 2015), therefore we hypothesized that loss of Rbpj 
would lead to reduced SOX9 expression due to premature neural differentiation. SOX9 
expression was detected throughout the HVZ in control mice (Fig. 3E); however, little difference 
in SOX9 expression in Rbpj cKO mice (Fig. 3F) was noted. Notably, SOX9 was absent in the 
region absent of Hes signaling, suggesting that intermediate precursors are not maintained in 
areas devoid of active Notch signaling. We next hypothesized that many of the cells that were 
located in the area of expansion and not SOX2 positive had differentiated into neurons during 
this time point near the end of general neurogenesis. Using the general neuronal marker 
HuC/D, a very modest amount of differentiation though the HVZ and into the underlying 
parenchyma of the AVPV (Fig. 3G) was noted in control mice. However, a large increase in 
HuC/D expression throughout all of the underlying parenchyma of the AVPV in Rbpj cKO mice, 
complementing SOX2-positive cells present (Fig. 3H), was observed. The AVPV houses a 
population of dopaminergic TH-positive neurons as early as E13.5, so we next sought to 
determine if loss of Rbpj resulted in excess cells adopting a specific identity. In control mice, 
there were a number of TH neurons found within the tissue underlying the HVZ in the 
periventricular region up to the AVPV (13.6 ± 0.32 cells/section) (Fig. 3I). Interestingly, in Rbpj 
cKO mice, there were significantly more TH-positive neurons, specifically in the region of the 
AVPV extending into the area of tissue expansion (35.8 ± 1.07 cells/section) (Fig. 3J). Finally, 
given the excess proliferation and neurogenesis, we wanted to explore if an associated increase 
in cellular death would be observed, as it has been reported that apoptosis is a critical pathway 
in the development and sexual dimorphism observed within the mature AVPV (Forger et al., 
2004). Upon assessing cellular death, little if any TUNEL-positive cells within the HVZ or 
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underlying parenchyma in control animals (Fig. 3K; 0.78 ± 0.20 positive cells/section) were 
noted. However, an increase in cellular death in Rbpj cKO mice specifically within the underlying 
parenchyma (Fig. 3L; 7.28 ± 1.16 cells/section) was observed. Despite this increase, it likely did 
not compensate for excess proliferation and observed hyperplasia, Taken together, these data 
suggest a role for titration of Notch signaling in development of TH neurons in the AVPV. 
Loss of Rbpj results in a reduced ventricular zone and misplacement of differentiated cells in the 
parenchyma postnatally 
 While the presumptive AVPV appeared to be expanded at E13.5, it was important to 
examine how the region would appear morphologically into postnatal life and beyond. 
Hematoxylin and Eosin staining was performed on the day of birth (P0) through the 
periventricular region and into AVPV to assess gross morphology. Anatomical landmarks such 
as the optic chiasm, 3V, and anterior commissure aided in identifying this region. In control 
mice, the HVZ was maintained throughout the periventricular area and the 3V appeared to 
expand in the more rostral area just dorsal to the optic chiasm (Fig. 4A). Similar to what we 
previously published in the periventricular area of mice at 5 weeks of age, Rbpj cKO mice 
appeared normal in the more caudal periventricular area (Biehl and Raetzman, 2015) (data not 
shown). However, we consistently noted a region more rostral where the HVZ was strikingly 
reduced/absent in the developing AVPV (Fig. 4B). Given the abundance of TH differentiation at 
E13.5, the persistence of this phenomenon postnatally was explored. In control mice, TH-
positive cells were organized very tightly on both sides of the lateral-dorsal aspect of the 3V 
(Fig. 4C). Though still clearly present in Rbpj cKO mice, two interesting observations in regards 
to dopaminergic neurons were noted. First, while TH-positive cells were still readily detectable, 
they were not as clearly organized as control counterparts, likely due to the absence of a HVZ 
(Fig. 4D). Additionally, although there was an increase in TH-positive cells at E13.5, by P0 it 
would appear that expression is not strikingly different between each condition, suggesting an 
early neurogenic burst in Rbpj cKO mice that somewhat normalizes by birth. Given the region’s 
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role in regulation of reproductive function, another mature cellular subtype within the AVPV of 
interest are ERa-positive cells. One working hypothesis is these cells may be an early marker 
for kisspeptin neurons in the AVPV, since this specific subpopulation of kisspeptin neurons is 
not readily detectable until after P10 (Clarkson and Herbison, 2006; Kumar et al., 2015). In the 
early prepubertal window, roughly 30% of kisspeptin neurons express ERa and by adulthood 
over 70% of kisspeptin neurons also express ERa (Kumar et al., 2015). ERa-positive cells were 
readily detected in a very specific pattern lateral to the TH-positive neuron population previously 
described (Fig. 4E). Interestingly, in Rbpj cKO mice, positional differences between Rbpj control 
and cKO mice were noted; however, these differences were opposite of those observed in TH-
positive cells. Instead of cells clustering closer to where the HVZ would have been in cKO mice, 
ERa cells appear to be present even further laterally than the organization observed in control 
mice (Fig. 4F). Finally, given the heterogeneity of cellular subtypes in each hypothalamic 
nucleus, we sought to characterize markers of other specific cell lineages at this age. Though a 
clear abundance in SOX2-positive cells in both control and Rbpj cKO mice embryonically (Fig. 
3) were noted, we sought to determine if this observation was maintained into postnatal life and 
if there was a later wave of differentiation that may have been affected in Rbpj cKO mice. SOX2 
expression was maintained at a very high level in both the HVZ and the parenchyma of the 
AVPV in control mice (Fig. 4G). Similar to observations at E13.5, SOX2 expression appeared to 
be maintained in the AVPV parenchyma in the Rbpj cKO model, but given the reduction of a 
HVZ, is less abundant along the ventricle (Fig. 4H). Another cellular lineage of the 
hypothalamus are oligodendrocytic precursor cells (OPCs), which give rise to glial cell subtypes 
of the hypothalamus and express a multitude of transcription factors during their development. 
One such early transcription factor of this lineage is the marker OLIG2 (Marsters et al., 2016). At 
P0, near the end of the major wave of gliogenesis, a number of OLIG2-positive cells scattered 
throughout the parenchyma of the AVPV in control females (Fig. 4I) were noted. In Rbpj cKO 
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mice, more OLIG2-positive cells in the AVPV parenchyma were observed (40.5 ± 6.41 
cells/section in control v. 63.8 ± 1.87 cells/section in cKO) (Fig. 4J). These findings suggest that 
Notch signaling may restrain the process of gliogenesis along with neurogenesis. Finally, we 
sought to determine the role Notch signaling may be playing in development of one final 
lineage: ciliated ependymal cells. In control mice, a few cells found exclusively within the HVZ 
were positive for FOXJ1 (Fig. 4K). While the HVZ is not entirely maintained in Rbpj cKO mice 
(Fig. 4B), the region most ventral, specifically the area which was maintained, had a number of 
FOXJ1 cells present (Fig. 4L), suggesting that specification of this lineage is unaltered. Rather, 
failure to maintain the progenitor niche may contribute to why there appears to be a specific 
reduction of FOXJ1. Taken together, these data suggest that Notch signaling may be actively 
repressing differentiation of both neurons and oligodendrocytes during development. 
Morphological and cellular abnormalities persist into the pubertal window in the AVPV 
 As discussed previously, one major role of the AVPV is control of onset of puberty and 
reproductive function (Hu et al., 2015). With this knowledge, we wished to uncover if 
abnormalities would persist into the pubertal period in Rbpj cKO mice and to assess kisspeptin 
expression. Previously, we have shown that in the rostral area of the periventricular nucleus, TH 
neurons are abundant and near the 3V, whereas the kisspeptin population of neurons were 
absent in Rbpj cKO mice (Biehl and Raetzman, 2015). Further examination of the AVPV, 
however, a phenotype identical to P0 was apparent. In positionally matched tissue sections, TH-
positive neurons were present in control (Fig. 5A) and Rbpj cKO mice (Fig. 5B), despite the 
abrupt absence of the HVZ in cKO mice. In the adult brain, a number of different types of glial 
cells can be found lining the 3V, including hypothalamic tanycytes, astrocytes, and other radial 
glia (Campbell et al., 2017). With this knowledge, we wanted to determine if hypothalamic glial 
cells were present and maintained in the absence of Notch signaling. To this end, the general 
glial marker GFAP was visualized at this same time point in the area where the HVZ was not 
maintained. In Rbpj control females, GFAP expression was highly concentrated in the HVZ with 
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processes extending out into the underlying parenchyma (Fig. 5C). Additionally, we observed 
occasional astrocytic-like glia scattered throughout the parenchyma. In the absence of Notch 
signaling, notably in the area where the HVZ is not maintained, a profound disorganization in 
GFAP-positive clustering with some GFAP-positive cells scattered throughout the parenchyma 
(Fig. 5D) occurred. These findings suggest that, at this age, Notch signaling is necessary for 
structural maintenance of the HVZ. Finally, to determine if Notch signaling acted as a late fate 
selector of kisspeptin expressing neurons of the AVPV, kisspeptin expression was detected in 
control females along the 3V throughout the extent of the periventricular area and AVPV (Fig. 
5E). Paralleling our observations in the ARC, virtually no kisspeptin-positive cell bodies and very 
few immunoreactive processes were detected throughout the entire AVPV (Fig. 5F, 
arrowheads) in Rbpj cKO mice.  
Rbpj cKO females are not estrogenically compromised 
 One of the most potent regulators of Kiss1 expression, especially in the AVPV, is the 
presence of circulating estrogen (Cui et al., 2015). Previous work in our lab, as well and our 
current study, have provided evidence for the importance of Notch signaling in the development 
of kisspeptin neurons in both the ARC and AVPV (Biehl and Raetzman, 2015). Rbpj cKO mice 
showed a profound reproductive phenotype, where female mice were completely infertile and 
cycled irregularly (Biehl and Raetzman, 2015). Given these observations, we postulated that 
one explanation for the lack of observation of kisspeptin neurons in the AVPV and abnormal 
cyclicity was due, in part, to a lack of circulating estradiol. One early assessment of circulating 
serum estradiol is the day of vaginal opening (VO). Interestingly, Rbpj control and cKO mice had 
nearly identical days of VO (Fig. 5G). Additionally, circulating levels of estradiol in the serum of 
reproductively mature female Rbpj control and cKO mice was measured. At 8-weeks of age, 
female mice in diestrus were chosen given the previously reported irregularity in cyclicity. We 
found that both Rbpj control and cKO females had indistinguishable levels of estradiol in their 
serum (Fig. 5H), suggesting that the observed severe reduction in kisspeptin neurons is not due 
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to the lack of estrogen stimulated gene expression and it is likely due to a failure of these 
neurons to properly develop.  
Chemical inhibition of Notch signaling in vitro promotes an astrocytic-to-oligodendritic fate and 
biases dopaminergic neurogenesis 
 One major limitation with the in vivo data is that uncovering a mechanistic understanding 
of how Notch is acting directly at the level of hypothalamic progenitors is difficult. To this end, 
we chose to adopt and optimize a previously described hypothalamic neurosphere assay  
(Desai et al., 2011). Neurospheres were first characterized to ensure they had active Notch 
signaling components and were, indeed, progenitor-like. Consistent with observations in vivo, 
multiple Notch receptors and ligands were detected by RT-PCR, as well as a number of 
downstream Notch targets and progenitor markers (data not shown). In order to assess if Notch 
was able to be chemically manipulated in vitro, plated spheres were subjected to 10 µM DAPT 
for 72 hours to explore the effects on Notch signaling. A highly significant reduction in Hes1, 
Hes5, and Hey1 and a robust increase in the proneural target of Hes and Hey family members, 
Mash1 in the presence of DAPT (Fig. 6A) occurred. These findings together convinced us that 
the hypothalamic neurospheres were progenitor-like in character and were able to have Notch 
signaling robustly manipulated in vitro. 
 We next sought to determine the effects of acute Notch inhibition on cellular proliferation 
and fate decisions to determine and how well this culture system recapitulates the in vivo 
findings. First, the ability of Notch signaling to restrain cellular proliferation, as seen in vivo, was 
probed with the in vitro system. Acute inhibition of Notch signaling by DAPT treatment was 
sufficient to augment proliferation as marked by mKi67 mRNA expression on the day of sphere 
collection by over 3-fold compared to vehicle treatment (Fig. 6B). Additionally, we sought to 
determine if Notch inhibition would promote early gliogenesis and/or neurogenesis. Again 
similar to our in vivo reports, neurospheres treated with the Notch chemical inhibitor also 
showed a dramatic increase in the OPC marker Olig2 mRNA (Fig. 6B). Additionally, we noted a 
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dramatic decrease in Gfap expression, notably in a gene isoform restricted to astroglia (Fig. 6B) 
(Kamphuis et al., 2012) perhaps suggesting a role for Notch signaling during glial fate decisions 
in vitro as well. However, when we explored regulation of another glial subtype by examining the 
tanycytic marker Lhx2 (Salvatierra et al., 2014), we reported no difference in expression with 
DAPT treatment. Furthermore, when we compared the neuronal precursor marker Nestin (Nes), 
we similarly observed no significant difference with 72 hour DAPT treatment (Fig. 6B). These 
findings suggest that in vitro hypothalamic neurospheres are a useful tool for exploring early fate 
decisions during development; however, may be further optimized to uncover later fate 
decisions as well. 
 Given that no bias in neuronal precursor fate after 72 hour DAPT treatment, as marked 
by Nes gene expression, was observed, cultures were extended an additional 72 hours in the 
presence of DAPT and the effects on dopaminergic neuronal fate decisions were determined. 
Vehicle treated neurospheres plated on coverslips expressed modest levels of TH and extended 
short processes, with a majority of intensity found within the cell soma (Fig. 6C, E). After 
prolonged inhibition with DAPT, a distinct change in cell morphology occurred, as plated 
spheres began to take on a more neuronal appearance (Fig. 6D). Upon quantification, in both 
the cell soma and within the neurite extensions, there was about double the TH 
immunofluorescent intensity (Fig. 6E). Additionally, neurons had slightly longer, but statistically 
significant, neurite extensions. These data indicate that neuronal differentiation is indeed 
possible in cultured neurospheres, and further provides strength in our proposed system to 
uncover the mechanism of Notch signaling on neuronal progenitors in the future. 
 
Discussion 
 This is one of the few studies of early development of the AVPV of the hypothalamus, 
specifically uncovering signaling pathways related to formation and cellular fate choices of this 
region. We report that Notch signaling is involved in the titration of cellular proliferation, as well 
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as fate decisions including neurogenesis and gliogenesis in the embryonic period. It would 
appear that Notch signaling is necessary for preventing aberrant proliferation, neurogenesis, 
and OPC formation in vivo. However, it is not involved in progenitor cell maintenance in this 
area of the brain. Beyond the early developmental window, Notch signaling mediated by RBPJ-
K is also required for proper formation of kisspeptin neurons of the AVPV, similar to what has 
been previously reported within the ARC (Biehl and Raetzman, 2015). The effects of Notch 
signaling reported appear to be acting on the progenitor population directly, as acute 
manipulation of Notch signaling in vitro appears to have very similar effects at the level of 
transcription on a population of pure progenitors. 
One profound finding is that proliferation, as marked by Ki-67 is increased in vivo and in 
vitro with loss of Notch signaling. This observation may suggest that in the context of early 
development in vivo, Notch signaling prevents and titrates the cell cycle to act as a control of 
regulation of each cell type of the hypothalamus. We also noted an increase in mKi67 
transcription in cultured progenitor cells. While this observation is similar to that observed in 
vivo, it is important to note the context of the cultured progenitors are slightly different than the 
early embryonic window, thus the mechanism by which Notch signaling is regulating cellular 
dynamics may be slightly different. We believe there are at least two possible explanations for 
this observation. First, it is possible that neurospheres are beginning to slightly adopt an OPC 
fate (as observed by an increase in Olig2 transcript) and proliferation is increasing to maintain 
the progenitor pool. Second, it is possible that chemical inhibition is in fact slowing the growth 
trajectory of cultured neurospheres, and thus when the cells are harvested, those treated with 
DAPT have not yet reached their growth saturation compared to vehicle treated counterparts. 
Additionally, we reported no striking change in the general progenitor marker SOX2 either in the 
embryonic or early postnatal window, indicating progenitor character can be maintained in the 
absence of Rbpj Traditionally, Notch signaling promotes expression of genes of the Hes and 
Hey family (Jarriault et al., 1995). Transcription factors of this family are intimately associated 
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with cellular proliferation and progenitor maintenance. However, we reported in vivo loss of 
Rbpj, Hes1 and restriction of Hes5 resulted in an increase in this process, namely in the HVZ 
(Fig. 2, 3). Given that Rbpj is genetically lost so early in development, it may be possible that 
other developmental signaling pathways may be compensating resulting in an increase in 
proliferation and progenitor maintenance. Notch signaling has been shown to interact with and 
regulate numerous developmental pathway, including SHH to Wnt signaling (Giakoustidis et al., 
2015). Each of these signaling pathways have also been reported to be potent regulators of the 
cell cycle, proliferation, and differentiation (Li et al., 2017; Szabo et al., 2009). Dysregulation or 
compensation due to loss of Notch signaling may explain these observations, therefore 
additional studies may be required before any concrete conclusions can be asserted.  
In our current study, we further suggest that Notch signaling restrains neurogenesis 
within the AVPV. We found that at E13.5, conditional loss of Rbpj resulted in an increase in both 
general neurogenesis (as marked by HuC/D) as well as a significant increase in more mature 
TH-positive neurons within the AVPV. However, by the day of birth and 5 weeks of age, this 
phenotype is modest or absent, which may hint that Notch signaling simply titrates the 
development of these neurons. These findings are similar to observations made previously 
within the ARC insofar that Notch signaling titrated Pomc neurogenesis in a similar fashion 
(Aujla et al., 2013; Biehl and Raetzman, 2015). We also report that canonical Notch signaling is 
necessary for the development of kissppetin neurons in the AVPV similar to in the ARC. One 
hypothesis is that they are not fated to develop from the early embryonic period, potentially at 
the expense of an expansion of only TH-expressing neurons found within the periventricular 
area and AVPV. Early in development, it may be that canonical Notch signaling may also be 
interacting with the FGF signaling pathway, potentially by balancing expression of Fgf8 or Fgf1 
in the presumptive AVPV. Indeed it has been shown that hypomorphs of either of these genes 
result in significantly more kisspeptin neurons of the AVPV, resulting in profound effects on day 
of VO and estrus cyclicity (Tata et al., 2012). It has also been reported that by reproductive 
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maturity, a large portion of kisspeptin expressing neurons co-express TH (Clarkson and 
Herbison, 2011). However, there are also several neurons of the AVPV which only express the 
TH enzyme. Interestingly, the conversion of L-DOPA to dopamine occurring in these neurons 
potently inhibits GnRH release, suggesting that the balance of neurons expressing each of 
these factors is vital for reproductive development in function (Liu and Herbison, 2013). In Rbpj 
cKO mice, it still remains a possibility that kisspeptin expressing neurons develop and do not 
express the kisspeptin peptide (but still express TH) since circulating levels of estrogen are 
necessary for maximal peptide expression within the AVPV (Smith et al., 2005). This seems 
unlikely, however, since Rbpj cKO female mice show both normal day of VO as well as similar 
levels of circulating E2 at 8 weeks of age, suggesting that appreciable levels of circulating sex 
steroids are present throughout development. These findings provide further credence in our 
claims of the importance of canonical Notch signaling on neurogenesis within the AVPV, 
including development of TH- and kisspeptin-positive neurons. 
Hypothalamic neurosphere cultures can be a good model to study the role of Notch 
signaling in neurogenesis. Treatment of neurospheres with the chemical Notch inhibitor DAPT 
quickly induced the proneural gene Mash1. Given the intimate relationship between Mash1 
expression and neurogenesis, especially within other regions of the hypothalamus (McNay et 
al., 2006), we expected development of cultured neurospheres to begin to adopt a more 
neuronal-like phenotype. Interestingly, when we inhibited Notch signaling chemically for 6 days 
in vitro, a clear increase in TH expression occurred. This observation suggests that inhibiting 
Notch signaling for an extended period of time can indeed promote dopaminergic differentiation. 
It would be interesting to determine if stimulation of other signaling pathways, such as the 
addition of soluble SHH or manipulation of members of the bone morphagen protein (BMP) 
family, would exaggerate our findings (Hynes et al., 1995). In fact, it has been reported that at 
least SHH is sufficient to drive undifferentiated human embryonic stem (hES) cells towards a 
hypothalamic and neuronal identity in vitro (Wang et al., 2014). These cells can also be then 
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further manipulated into functional dopaminergic neurons, presumably similar to those found 
within the AVPV. While these studies do successfully generate neurons of the hypothalamus, it 
is important to note that this process is very time and labor intensive, and may be more efficient 
in the context of a primary progenitor context similar to that discussed above. 
Towards the end of the gliogenic window in Rbpk cKO mice, there was an increase in 
OLIG2-positive cells found within the parenchyma of the AVPV, where gliogenic progenitors are 
known to be located (Marsters et al., 2016). This suggests that in vivo, Notch signaling is not 
only necessary for titration of cellular proliferation and neurogenesis, but gliogenesis as well. 
Acutely inhibiting Notch signaling in hypothalamic neurospheres was also sufficient to induce 
Olig2 mRNA expression and with a concomitant significantly reduced Gfap expression in an 
isoform directed at astrocytes, suggesting yet another fate switch. It is important to note, that 
Gfap is expressed in a large number of glial subtypes of the brain and, given the many isoforms 
of the Gfap gene, the region of the gene amplified can be telling in the cell population explored 
(Kamphuis et al., 2012) and given that our primer set used was directed as astrocytes, our 
findings can be amended to suggest Notch signaling is, in fact, playing more of a role in 
formation of OPCs and away from an astrocytic fate at this time period. Curiously, it has been 
reported that the Notch regulated proneural factor Mash1/Ascl1 represses OPC formation in 
vivo (Marsters et al., 2016). However, in the context of hypothalamic neurospheres cultured 
beginning the day after birth, we report both increased in Mash1 and Olig2 expression with 
acute DAPT treatment. One explanation for this potential discrepancy may be that genetic 
ablation is permanent from an early stage, whereas acute inhibition is more temporally 
controlled suggesting that Mash1/Ascl1 may also act at multiple stages of differentiation. 
Additionally, cultured progenitors may be more tanycytic in nature as opposed to early 
progenitors and thus the mode of regulation of Mash1 may be slightly different within this 
context. Nevertheless, Notch signaling, namely its regulation of Mash1, appears to play a critical 
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role in glial development and differentiation, perhaps acting as both an early and late fate 
selector of glial lineages of the CNS. 
Other cellular subtypes explored within the AVPV were ciliated ependymal cells and 
specialized hypothalamic tanycytes. These cells line the 3V and are important in sampling the 
CSF to communicate with mature cells in the parenchyma (Liu et al., 2014; Mathew, T.C., 
Singh, 1989). Additionally, tanycytes serve as a neurogenic niche into adulthood that can 
dynamically respond to a changing environment to restore normal physiology (Chauvet et al., 
1998). In Rbpj cKO mice, we noted a stark absence of the HVZ within the AVPV, likely resulting 
in decreased ependymal and tanycyte cell specification. Upon maturation, both of these cellular 
subtypes express the protein GFAP within the HVZ (Campbell et al., 2017). By 5 weeks of age, 
while GFAP was clearly still present, it was clearly disorganized throughout the parenchyma 
(Fig. 5). While interpretation of these data are challenging owing to the fact that GFAP is 
expressed in so many subtypes within the hypothalamus (Kamphuis et al., 2012), it did provide 
us with evidence of the possibility that cells found within the HVZ may still be present even if the 
HVZ is not maintained. A more specific ependymal marker, FOXJ1, is commonly used to mark 
this cell type in the HVZ (Morimoto et al., 2010); however, it is postulated that active Notch 
represses FOXJ1 expression (Marcet et al., 2011). While we noted a potential reduction in 
FOXJ1 at P0, it is unclear in this model if Notch signaling is affecting HVZ maintenance or 
tanycyte and ependymal specification. 
 Numerous studies have attempted to explore the role of Notch signaling directly on 
neuronal precursors in the hypothalamus; however, very few model systems are available to 
sufficiently uncover the dynamics of this signaling pathway within this context. Our current study 
has attempted to develop an assay by which Notch signaling can be manipulated in non-fated 
postnatal progenitor cells. Seeing as many of our findings in vitro very closely parallel what we 
have previously reported in vivo (Aujla et al., 2013) as well as in vivo findings of our current 
study, we believe to have developed a new model to uncover the mechanism underlying 
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neuronal differentiation and Notch signaling by further optimizing previously published assays 
(Desai et al., 2016; Wang et al., 2014). While these findings to not completely recapitulate in 
vivo observations, the strength of this model will allow to scan a much larger subset of genes in 
different contexts in order to more mechanistically understand fate choices on the developing 
hypothalamus. 
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Figures 
 
Fig. 5.1: Identification and characterization of the AVPV at E13.5. (A) The AVPV of the 
anterior hypothalamus was identified by expression of TH. Some TH neurons exist in the ARC 
and near the third ventricle (3V) in the periventricular area, and finally cluster in the presumptive 
AVPV. (B) Nkx2.1 expression as marked by the tdTomato reporter. Nkx2.1 expressing cells of 
the ventral diencephalon are found within the posterior lobe of the pituitary, ARC, and in a small 
area of the anterior hypothalamus. (C) Nkx2.1 expression overlaps with TH-positive neurons of  
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Fig. 5.1 cont. 
the AVPV, suggesting they develop from a common progenitor. (D) Notch1 expression along 
the 3V in the developing AVPV. (E) Notch2 expression along the 3V in the developing AVPV.  
Image magnification A, B = 100X, C, D, E = 200X. n=4(A), 3(B-E). Pit = pituitary, ARC = arcuate 
nucleus. AVPV = anteroventral periventricular nucleus. Scale bar in (A) = 100 µm and (E) = 50 
µm. 
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Fig. 5.2: Conditional loss of Rbpj results in AVPV hyperplasia and a reduction in Notch 
downstream targets at E13.5. (A) H&E of the developing ventral diencephalon in control and 
cKO (B) showing clear tissue expansion in both the ARC as well as the AVPV. (C) Hes1 
expression lines the HVZ in the AVPV in control mice. (D) Hes1 expression is strikingly absent 
throughout the entire AVPV when Rbpj is lost. (E) Hes5 is more robustly expressed in the HVZ 
in control mice and (F) is only absent in the more rostrodorsal area of the AVPV corresponding 
with tissue expansion. (G) The proneural gene Mash1 is modestly expressed through the HVZ 
in control mice. (H) In Rbpj cKO mice, Mash1 expression is maintained but not increased as 
was observed in the ARC. Expression is absent similarly in the most rostrodorsal area of the 
AVPV. (I) Shh is present in the very caudal area of the AVPV in control mice. (J) Shh is 
maintained in the exact area of the AVPV in Rbpj cKO mice despite disruption in Notch targets.  
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Fig. 5.2 cont. 
n=3-4. Image magnification A,B = 100X, C-J = 200X. Pit = pituitary, ARC = arcuate nucleus, 
AVPV = anteroventral periventricular nucleus. Scale bar in (A) = 100 µm and (J) = 50 µm. 
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Fig. 5.3: Alterations to Notch signaling promote neurogenesis at E13.5. (A) Proliferation, as 
marked by Ki-67, is modest in control mice throughout the HVZ. (B) Rbpj cKO mice show 
increased proliferation through some of the HVZ with an abrupt loss corresponding with loss of 
Hes5 expression (Fig. 2). (C) SOX2 expression appears to similar to SOX9 expression 
throughout the HVZ in control animals. (D) SOX2 expression is mostly maintained with the loss 
of Rbpj, though cells appear to be less densely packed. (E)  SOX9 positive progenitors are 
found throughout the HVZ in control mice. (F) Loss of Rbpj appears to result in a regional  
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Fig. 5.3 cont. 
reduction in SOX9 intermediate neuronal progenitors. (G) Neurogenesis as marked by 
expression of HuC/D is somewhat modest by E13.5 in control mice. (H) Many more cells are 
positive for HuC/D in Rbpj cKO mice, specifically in the area ventral to SOX2 expression as 
observed in (D). (I) TH-positive neurons are present throughout both the periventricular area 
and AVPV in control animals. (J) Significantly more TH neurons, mainly in the AVPV, extending 
into the area of expansion are noted in Rbpj cKO mice. (K) Cellular apoptosis as marked by 
TUNEL stain is very low in control mice and restricted to the HVZ. (L) An increase of cell death 
is observed in Rbpj cKO mice, found both in the HVZ and underlying parenchyma. n=3-4. Image 
magnification = 200X. Scale bar in L = 50 µm. 
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Fig. 5.4: Early loss of canonical Notch signaling results in failure to maintain the HVZ and 
increased oligodendrogenesis. (A) H&E of the AVPV at P0 reveals an open third ventricle 
(3V) and maintained HVZ. Anatomical landmarks such as the optic chiasm allowed for 
identification of the AVPV. (B) H&E of Rbpj cKO mice shows a dramatically reduced VZ and 
smaller 3V. (C) TH-positive neurons are organized along the dorsal area of the HVZ in the 
AVPV lining the 3V in control mice. (D) TH neurons are scattered throughout the parenchyma in 
Rbpj cKO mice, though they appear to somewhat cluster near where the HVZ would be 
maintained. (E) ERa-positive cells are expressed just lateral to the HVZ in the AVPV in control 
mice. (F) In Rbpj cKO mice, ERa positive cells appear disorganized and found far lateral to the 
presumptive VZ. (G) SOX2 expression is maintained in both the VZ and the parenchyma of the 
AVPV at P0 in control animals. (H) Similarly, SOX2 expression is found at a high level in the 
parenchyma and is present in cells of the remaining HVZ of the Rbpj cKO. (I) OLIG2, a marker 
of oligodendrocytic precursors, is found robustly scattered through the parenchyma of the AVPV 
in control females. (J) In Rboj cKO females, OLIG2 is significantly increased, following the  
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Fig. 5.4 cont. 
premature burst of neurogenesis at E13.5. (K) The ciliated ependymal marker FOXJ1 is 
expressed in multiple cells found within the HVZ in control mice. (L) FOXJ1 expression appears 
reduced corresponding to the reported failure to maintain HVZ progenitors in Rbpj cKO females.  
n=3-4. Image magnification A,B = 100X, C-L = 200X. Scale bar in (B) = 100 µm, (L) 50 µm). 
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Fig. 5.5: Rbpj cKO females show reduced kisspeptin expression despite similar levels of 
circulating estradiol. (A) TH neurons of the AVPV are robust and found near the 3V in control 
females. (B) Similar to observations at P0, TH neurons appear disorganized in Rbpj cKO 
females but located mostly near the presumptive HVZ. (C) GFAP-positive glia are mainly found 
densely packed along the 3V with processes extending into the parenchyma. (D) GFAP appears 
reduced in Rbpj cKO females with some positive astrocytic cells scattered through the 
parenchyma. (E) Kisspeptin cell bodies and processes are detected throughout the AVPV near 
the HVZ. (F) A severe reduction in kisspeptin neurons are noted in Rbpj cKO mice, with 
occasional immunoreactive fibers detected through the continuum of the AVPV (arrowheads). 
(G) Day of vaginal opening to assess puberty is not different, suggesting estradiol is circulating 
at an appreciable level during the pubertal window. (H) Serum E2 as measured by ELISA shows 
no significant difference in estradiol at 8-weeks of age. n=4 for histological analysis, 10-11 for  
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Fig. 5.5 cont. 
vaginal opening, 6-12 for serum E2. Image magnification = 200X. Scale bar in (F) = 50 µm. 
Error bars represent standard error of the mean. 
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Fig. 5.6: Acute inhibition of Notch signaling in vitro promotes oligodendrogenesis and 
dopaminergic differentiation. (A) 72 hr inhibition of Notch signaling significantly reduces 
canonical downstream Hes and Hey targets, and promotes the proneural gene Mash1. (B) 
Notch inhibition increases cellular proliferation, as well as induces Olig2 (early oligodendrocyte) 
expression and reduces Gfap (astroglia) expression. (C) Neurospheres plated on coverslips 
express modest levels of TH neuropeptide. (D) 144 hr DAPT exposure modestly increases TH 
immunoreactivity and results in longer neurite extensions. (E) (Left) Quantification of TH 
intensity (a.u.) in DMSO versus DAPT treatment in both cell soma and neurite extensions.  
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Fig. 5.6 cont. 
(Right) Neurite length is significantly longer in neurospheres treated 144 hr with DAPT. Data 
presented are combined wells from a single experiment. n=3-4 wells/experiment repeated over 
3-4 independent experiments. * = p<0.05. Error bars represent standard error of the mean. 
Image magnification = 200X. Scale bar in D = 50 µm. 
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Chapter 6: Uncovering the role of Notch signaling in early hypothalamic fate choices 
using primary neurospheres and microenvironment arrays 
 
Written by Biehl MJ and edited by Raetzman LT 
Scientific and intellectual contributions provided by Kaylan KB and Underhill GH 
 
Abstract 
 The hypothalamus is a key regulator of homeostatic function within the body. A multitude 
of cell types including neurons containing distinct neuropeptides and glial cells each arise from a 
common early progenitor to carry out these complex processes. Previous in vivo work from our 
lab has shown that the Notch signaling pathway acts as a critical molecular switch during both 
early and late development within the hypothalamus. Active Notch signaling has been shown in 
the hypothalamus to be involved in processes including cellular proliferation, progenitor 
maintenance, neuronal differentiation, tanycyte specification, and plays an important role in 
differentiation of kisspeptin neurons within the hypothalamus. In our current study, we 
developed a primary hypothalamic neurosphere assay that allows manipulation of Notch 
signaling as well as other signaling pathways to determine their roles on fate decisions of a pure 
hypothalamic ventricular zone (HVZ) progenitor population. Additionally, we have utilized a 
novel microenvironment assay to allow for high throughput screening of combinations of 
extracellular matrix (ECM) components along with Notch signaling manipulations to determine 
the effects of progenitor maintenance and proliferation. Progenitors express Notch signaling 
components. In the presence of different ECM proteins, chemical Notch inhibition by the g-
secretase inhibitor DAPT reduces tanycytic/stem cell identity as marked by GFAP, cellular 
proliferation, and total cell number present. Additionally, progenitors responded to changes in 
insulin concentration as evident by increases in both neurosphere size and number, potentially 
mediated by Notch signaling. Taken together, these data establish a novel system to explore 
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the effects of intrinsic and extrinsic signals on cellular dynamics and cellular fate decisions of 
hypothalamic progenitor cells in vitro. 
 
Introduction 
 Understanding development and neurogenesis of the hypothalamus has become 
increasingly more interesting due to its role in maintaining nearly all homeostatic functions in the 
body (Burrows et al., 1998; Krob et al., 1998). Of note, the hypothalamus is responsible for 
mediating feeding behavior through the antagonistic actions of anorexigenic 
proopiomelanocortin (POMC) and orexigenic neuropeptide Y(NPY)/Agouti-related protein 
(AgRP) expressing neurons (Elias et al., 1999). Additionally, the hypothalamus houses neuronal 
subtypes critical to reproductive function expressing the kisspeptin peptide (Messager et al., 
2005) and contributes to dopaminergic signaling via tyrosine hydroxylase (TH)-expressing 
neurons (Kitahama et al., 1987). Finally, growth hormone releasing hormone (GHRH) neurons 
contribute to body size during early development and into puberty (Werner et al., 1986). 
Interestingly, each of the aforementioned neuropeptides are intimately related to numerous 
diseases found within the human population. Disruptions in development or signaling of either of 
the neuronal subtypes involved in energy homeostasis result in profound obesity, a disease that 
until recently had been rising at an alarming rate (Erickson et al., 1997; Huszar et al., 1997). 
Kisspeptin neurons function to modulate GnRH signaling to the anterior pituitary gland, and lack 
of signaling in the human population results in severe reproductive deficits (Irwig et al., 2004). 
Dopaminergic signaling in the brain has long been associated with diseases such as 
Parkinson’s Disease and Alzheimer’s Disease (Wolfe et al., 1990), as damage to dopaminergic 
pathways are hypothesized to be major contributors to symptoms observed in these cases. 
Finally, ablations in GHRH expressing neurons result in dwarfism in mouse models (Alba et al., 
2005). Recently, a major emphasis has been placed on attempting to generate these different 
subsets of hypothalamic neurons in pursuit of therapeutically intervening in patients lacking any 
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of these specific neuropeptides (Suga, 2015). To date, several groups have been successful in 
generating neurons involved in both energy homeostasis as well as reproductive function, 
utilizing inducible pluripotent stem (iPS) or human pluripotent stem (hPS) cells (Wang et al., 
2016, 2014; Yamada-Goto et al., 2017). 
 It is well established that each neuronal subtype of the ventral hypothalamus arise from 
Nkx2.1 positive cells early in development (Yee et al., 2009). However, further complicating 
understanding of hypothalamic development is the fact that a multitude of other cellular 
subtypes, namely neurons, glial cells, ependymal cells, and hypothalamic tanycytes, develop 
from a common progenitor pool (Mullier et al., 2010). This would suggest that not only are late 
fate decisions to direct immature neurons to develop to functional neuronal subtypes important 
to understand, but early fate decisions on hypothalamic progenitors are necessary to promote a 
concrete bias towards a specific cellular subtype. One major gap in knowledge existing in the 
field of hypothalamic development is the molecular milieu associated with each of the 
aforementioned fate decisions. This is due large in part to the fact that very few in vitro systems 
to study hypothalamic development exist, making data generation inefficient and at times 
difficult to interpret. 
 Recent studies within our lab have shown in vivo that in both the arcuate nucleus (ARC) 
and the anteroventral periventricular nucleus (AVPV), the Notch signaling pathway is a key fate 
selector in both the early developmental window as well as critical for differentiation of specific 
neuronal subtypes (Aujla et al., 2013; Biehl and Raetzman, 2015). Interestingly, the ARC and 
AVPV houses neurons involved in each of the physiological processes described above, 
providing precedence to believe Notch signaling has an intimate relationship with fate selection 
of these neurons directly (Aujla et al., 2013; Biehl and Raetzman, 2015). While in vivo data has 
proven to be essential for understanding development of specific neuronal subtypes, many of 
these studies are limited in that components of the Notch signaling pathway are either 
permanently lost or overexpressed at a specific time point in development (Raetzman et al., 
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2007; Zhu et al., 2006). If the prevailing hypothesis is that Notch signaling may be acting at 
multiple stages of development in both biasing early fate decisions towards or away from a 
neuronal fate as well as instructing an immature neuron to adopt a specific neuronal subfate, a 
more finessed system is necessary. To truly address how signaling pathways and molecules 
such as Notch signaling are acting on the instruction of a progenitor cell towards a neuronal fate 
as well as a specific population of hypothalamic neurons, a pure progenitor population can be 
isolated and readily manipulated at any stage of the developmental process. In fact, some data 
exist where pure populations of progenitors from the ventral diencephalon have been isolated 
and subject to treatment with molecules such as leptin and insulin to determine their respective 
roles on differentiation. Interestingly, treatment with each of these have been reported to 
promote progenitor maintenance and also increase active Notch signaling, perhaps suggesting 
these molecules are acting through Notch to prevent neuronal differentiation, potentially by 
promoting cellular proliferation (Desai et al., 2011). 
 In other progenitor contexts, insulin signaling has been shown to activate Notch 
signaling and promote proliferation and progenitor status. For example, adult muscle precursors 
in Drosophila respond to insulin signaling which in turn activates Notch signaling and dMyc to 
drive the cell cycle (Aradhya et al., 2015). These findings have major implications in terms of 
human health. Many mothers in the US experience gestational diabetes during pregnancy which 
may result in aberrant insulin signaling in the fetus during stem cell fate decisions during 
development. Moreover, other exogenous signals such as environmental toxicants have been 
shown in the brain and other organ systems to hijack normal developmental signaling pathways, 
and can additionally affect fate decisions of early or late progenitors. Thus, the results obtained 
from utilizing a primary progenitor system serve as two-fold: First, there is mounting evidence 
that dramatic changes in the in vivo environment both during critical windows of development 
can result in permanent changes to cellular subtypes present and function of varying regions of 
the brain (Liu and Elmquist, 2012; Sullivan et al., 2017). Therefore, a progenitor model may be 
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useful in studying, understanding, and manipulating to better understand the early changes at 
the molecular level which are associated with certain disease states. Secondly, there have been 
numerous studies exploring the effects that environmental toxicants can have both on early and 
late development of the hypothalamus in vivo. However, few model systems are available to 
study environmental toxicants’ effects directly at the level of the stem cell pool. Ergo, these 
combined purposes motivated us to determine if a refined neurosphere assay would be 
appropriate to uncover the effects of changes in the external environment.  
 The goal of the current study is to develop and utilize an in vitro culture of hypothalamic 
progenitor cells to study the effects of signaling molecules such as insulin, Notch signaling, and 
the extracellular environment on cellular dynamics and early fate decisions. We hypothesized 
that inhibition of Notch signaling in a pure population of unbiased progenitor cells on various 
ECMs would alter cellular proliferation and progenitor status. To address this hypothesis, 
primary Nxk2.1-expressing cells from the ventral diencephalon were cultured in vitro in the 
presence of different ECM proteins while simultaneously subject to the g-secretase inhibitor of 
Notch signaling, DAPT, to determine the effects on proliferation and early fate decisions. We 
report that manipulating Notch signaling on laminin or fibronectin with the chemical inhibitor 
DAPT, cellular proliferation and number are reduced. Insulin signaling also appears to increase 
both sphere size and number through an uncharacterized yet mechanism. These studies taken 
together provide a novel model for uncovering the molecular mechanism underlying fate 
decisions made by Notch signaling in the developing hypothalamus. 
 
Materials and Methods 
Mice 
 For all experiments, both male and female CD-1 mice (Charles Rivers Laboratories, 
USA) were used. Pups were collected following the day of birth (P1) for generation of 
hypothalamic neurospheres. Breeding colonies were maintained in a facility with a 12-hour 
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light/dark cycle at the University of Illinois at Urbana Champaign (UIUC). All protocols were 
approved by the UIUC Institutional Animal Care and Use Committee. 
Generation of neurospheres 
 For sphere generation, pups were sacrificed by rapid decapitation and whole brains 
were removed. Brains were then place ventral side up in a chilled neonatal mouse brain slicer 
(Zivic Instruments, PA, USA). A 2mm coronal slice was then collected beginning approximately 
at the mammillary body and extending rostrally, encompassing nearly the entire hypothalamus. 
Slices were moved into a dish of ice chilled PBS and a 1.25 mm3 tissue biopsy punch was 
collected at the most ventral end of the coronal slice at the level of the HVZ. Punches from 10-
12 animals were pooled together in a solution of PBS containing 0.25 ug/mL Fungizone, 100 
units/ml penicillin, and 100 µg/ml streptomyocin. Punches were rinsed 3 times with fresh PBS 
and dissociated mechanically via pipetting with a P1000 pipette. Dissociated cells were 
centrifuged at 800X g for 5 minutes, resuspended in Complete Media (CM, see formula below), 
and strained through a 0.22 µm cell strainer. 
Culture and passaging of neurospheres 
 Primary neurospheres were grown and passaged in Complete Media (CM) formulation 
composed of DMEM/F12 (Thermo Fisher Scientific, MA, USA) supplemented with 20 ng/mL 
human FGF basic (hFGFb) (R&D Systems, MN, USA), 20 ng/mL mouse EGF (mEGF) (R&D 
Systems, MN, USA), 2.92 µg/mL L-Glutamine (Fisher Scientific, MA, USA), 2% B27 supplement 
(Thermo Fisher Scientific, MA, USA), and 1% Anti-Anti (Fungizone, 100 units/ml penicillin, and 
100 µg/ml streptomyocin; Thermo Fisher Scientific, MA, USA). Initially, cells were plated in a 
T25 flask. After 3 days, cells were passaged via collection of suspended spheres. Flasks were 
gently rinsed to collect any loosely adherent spheres, selecting against tightly adherent glia and 
neurons. Cells were centrifuged as described above, resuspended in fresh CM, mechanically 
dissociated, and replated in a new T25 flask. Three days following the first media change, 
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spheres were expanded identically as described above but into a T75 flask. Media was changed 
one final time and the fourth passage was plated for all experiments described. At this point, 
there were approximately 12 million cells present. 
Sphere size and number assessment with insulin treatment 
 To determine the effects of insulin treatment on neurosphere growth, approximately 
600,000 cells were plated into individual wells in a 12-well plate in CM made with B26 
supplement (B7 minus insulin) supplemented with either 40 or 4000 ng/mL insulin. Two random 
fields of view collected over 9 independent wells in each condition were quantified by an 
unbiased observer and the average sphere number and diameter were determined. Data were 
repeated over 3 independent experiments and the average sphere number and size for each 
category were then averaged together. Data represented are the average numbers of each 
experiment and error bars represent the standard error of the mean. For DAPT treated spheres, 
two random field of views were collected over 9 independent wells for each condition and 
averaged within a single experiment. Data represented are the average numbers of spheres per 
well within the single experiment and error bars represent the standard error of the mean. 
Statistical significance was determined with a Student’s t-test for 40 ng/mL versus 4000 ng/mL 
insulin and with a nonparametric Mann-Whitney test for DMSO versus DAPT experiments.  * = p 
< 0.05.  
Reverse transcriptase PCR 
RNA was isolated from cultured spheres or P1 hypothalamic punches via TRIzol 
extraction method. 0.5 µg of RNA was synthesized into cDNA using the ProtoScript M-MuLV 
First Strand cDNA synthesis kit (New England BioLabs, MA, USA). For each culture, a no 
enzyme sample was included as a negative control. Amplification of 0.2 m L of cDNA was 
amplified for each gene of interest was performed on a C1000 Thermal Cycler (Bio-Rad 
Laboratories, CA, USA) for 35 cycles. DNA was visualized on an ethidium bromide stained 
agarose gel. Sequences of primers used are found in Table 1. 
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Microarray fabrication and characterization 
Microarrays were fabricated as described previously (Brafman et al., 2012; Flaim et al., 
2005; Kaylan et al., 2017). Briefly, pre-cleaned microscope slides were silanized by treatment 
with 3-(trimethoxysilyl)propyl methacrylate (2% v/v) in ethanol for 30 min on an orbital shaker, 
after which slides were washed with ethanol for 5 min and baked on a hot plate at 110°C. Our 
polyacrylamide pre-polymer solution consisted of acrylamide (10.55% w/v), bis-acrylamide 
(0.55% w/v), and Irgacure 2959 (2% w/v, BASF, 55047962) and was 0.2 µm-filtered and 
degassed as needed. Silanized slides were coated with 100 µl pre-polymer solution, covered 
with a 22×60 mm cover glass, and crosslinked using 365 nm UV A for 10 min (~4 W/m2). 
Fabricated hydrogels were stored in excess dH2O with daily changes for three days and 
dehydrated on a hot plate at 50°C for ~15 min. Biomolecules for arraying were diluted in 2× 
growth factor buffer (38% v/v glycerol in 1× PBS, 10.55 mg/ml sodium acetate, 3.72 mg/ml 
EDTA, 10 mg/ml CHAPS) and loaded in a 384-well V-bottom microplate. Fibronectin (human 
plasma, EMD Millipore, 341635) and laminin (mouse, EMD Millipore, CC095, MA, USA) were 
prepared at a final concentration of 250 µg/ml. Fc-recombinant Notch ligand solutions were 
mixed with ECM protein solutions in 2× growth factor buffer and included: Fc-JAG1 (250 µg/ml 
final, R&D Systems, 599-JG-100, MN, USA), Fc-DLL1 (250 µg/ml final, R&D Systems, 5026-DL-
050, MN, USA), and Fc-DLL4 (250 µg/ml final, Adipogen, AG-40A-0145-C050). All Notch 
ligands were pre-conjugated with Protein A/G (Life Technologies, 21186) at a molar ratio of 1:6 
or greater before arraying. Human IgG (250 µg/ml final, R&D Systems, 1-001-A, MN, USA) was 
arrayed as a control. A robotic benchtop microarrayer (OmniGrid Micro, Digilab) loaded with 
SMP3 Stealth microarray pins (ArrayIt) was used to transfer biomolecules from source plate to 
polyacrylamide hydrogel substrate, producing ~150 µm arrayed domains. Fabricated arrays 
were stored at room temperature and 65% RH overnight and sterilized the next morning with 30 
min UVC while immersed in 1× PBS supplemented with 1% (v/v) P/S, after which cells were 
seeded on arrays. Slides were prepared by the Underhill lab. 
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Immunocytochemistry 
 Cells were stained for proteins of interest as follows: cells were rinsed 3X with PBS and 
fixed with 4% paraformaldehyde (Sigma-Aldrich, USA) for 10 minutes at room temperature. 
Cells were further rinsed 3X with PBS and permeabilized with 0.3% Triton-X100 diluted in PBS 
for 3 minutes at room temperature. Slides were finally rinsed 3X with PBS and blocked in 
blocking solution (5% normal donkey serum, 3% bovine serum albumen and 0.5% Triton-X100 
diluted in sterile PBS) for 1 hour at room temperature. Primary antibodies used were raised 
against the following peptides: Ki67 (550609 1:1000; BD Pharmingen, CA, USA) or GFAP (RB-
087-A1 1:250; Thermo Fisher Scientific, MA, USA). Coverslips were then incubated with anti-
rabbit conjugated Cy3 (GFAP) or anti-mouse conjugated Cy3 (Ki67). Secondary antibodies 
were purchased from Jackson ImmunoResearch (PA, USA) and all were used at a 
concentration of 1:400. Slides were mounted with mounting media containing 4’,6-diamidino-2-
phenylindole (DAPI, 1:1000; Sigma-Aldrich, MO, USA). Slides were then visualized at 200X 
using a Leica DM2560. Images were taken using a Retiga 2000R color camera and acquired 
using Q-Capture software (Q-Imaging, Surrey, Canada). Images were processed using Adobe 
Photoshop CS6 (Adobe, CA, USA). 
Quantification and analysis of microarrays 
Array images were pre-processed in ImageJ and Fiji, producing 8-bit TIFF files. Image 
size was reduced to ≤100 MB by binning to reduce memory requirements during computational 
analysis. CellProfiler (Harvard/MIT, MA, USA) was used to identify all cells on the arrays and 
associated mean intensities in each channel for each cell using the IdentifyPrimaryObjects, 
IdentifySecondaryObjects, and MeasureObjectIntensity modules. Array locations were manually 
recorded for each image using dextran-rhodamine markers included in each array and used to 
automatically assign a grid location and arrayed condition for each identified cell. R and the 
ggplot2 package were used to visualize results while the plyr package performed analytical 
calculations using a customized set of scripts. The percentage of positive cells in each arrayed 
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condition was calculated by defining a cutoff 2 s.d. above the mean of the treatment negative for 
that marker. Imaging of microenvironment arrays was performed by the Underhill lab. 
 
Results 
Cultured P1 hypothalamic progenitors spontaneously form neurospheres in vitro 
 Previous studies culturing hypothalamic progenitor cells have all reported that over time, 
mechanically dissociated cells will form large, non-adherent spheres. It is important to note that 
the third ventricle (3V) hypothalamic punches contain the progenitor population of the 
hypothalamic ventricular zone (HVZ) as well neurons and glial cells from the surrounding 
parenchymal tissue. The day after cells were collected and plated into a T25 flask, we noted a 
large population of either individual cells or very small clusters of a few cells fused together (Fig. 
6.1A). Fortunately, glial cells and neurons tend to tightly and readily attach to uncoated cell 
culture surfaces, and many neurons die during the plating process due to damage during tissue 
collection and excitotoxic conditions of CM (Kaiser et al., 2013). In light of this knowledge, 
spheres were collected every 72 hours in vitro and passaged into a new T25 flask with fresh 
media. Not only did this serve to replenish depleted supplements, but also selected against 
cellular subtypes which were not desired. Following the first passage, it is clear that 
hypothalamic progenitors which began as single cells or small clusters began expanding and 
forming distinct, non-adherent spheres (Fig. 6.1A). Although some small spheres were present, 
some individual cells still remained floating in the media and some cells readily attached to the 
flask, suggesting other cell types were not yet entirely selected against. Following the second 
passage whereby cells were plated into a T75 to expand, larger, more well-defined spheres 
were readily detectable throughout the entire flask (Fig. 6.1A). Interestingly, by this stage 
virtually no cells were attached to the flask that could not be readily detached with gentle 
rinsing, suggesting that by this passage, a pure progenitor population was present. During the 
final passage, spheres initially looked no different from previously described; however, spheres 
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did more readily anchor themselves to the T75 flask and begin to flatten out akin to a monolayer 
(data not shown). Though cells appeared to be attached similarly to other tightly adherent cell 
culture systems, these spheres were again easily detached from the surface of the flask with 
gentle rinsing upon preparation for plating for experiments and rapidly and spontaneously 
reformed well-defined spheres. 
Passaged neurospheres maintain a hypothalamic progenitor identity  
 While we established that primary neurospheres grow, expand, and are readily 
passagable under proliferative condition in CM and that passaging spheres would serve as a 
mode to select against other unwanted cellular subtypes, it still remained clear how much of a 
hypothalamic, as well as a progenitor versus differentiated identity neurospheres would maintain 
in cultured conditions. First, we wished to examine a number of genes present in differentiated 
cells of the ventral hypothalamus, as well as markers of regional identity. As discussed 
previously, each cellular subtype of the ventral hypothalamus is hypothesized to arise from 
Nkx2.1 expressing progenitor cells early in development (Yee et al., 2009). When compared to 
control hypothalamic punches at P1, neurospheres generated from P1 CD-1 mice appeared to 
readily express detectable and appreciable levels of Nkx2.1, suggesting their origin was from 
the ventral diencephalon and confirming our dissection technique (Fig. 6.1B). While it was 
important to confirm the origin or cultured spheres, the main goal of this study was to generate 
differentiated cellular subtypes from early progenitors. To this end, gene expression of mature 
neurons, glial cells, ependymal cells, and hypothalamic tanycytes were also explored to 
determine their presence in early progenitors. In control tissue, expression of Pomc and Kiss1 
(neuronal), Gfap (glial/progenitor/tanycytic), and Lhx2 (tanycytic) were each readily detectable 
(Fig. 6.1B). Interestingly, in cultured neurospheres, Pomc and Kiss1 levels were not robustly 
detected while Lhx2 and Gfap expression appeared similar to control tissue (Fig. 6.1B). Given 
that Lhx2 and Gfap are hypothesized markers for tanycytes, and hypothalamic tanycytes have 
been long-thought to be an adult source of stem cells, these results are not surprising 
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(Salvatierra et al., 2014). Finally, we sought to characterize both Sox2 and Sox9 expression, 
markers of general progenitors and neuronal/glial precursors, respectively. Both factors were 
also readily detected in control tissue and neurospheres (Fig. 6.1B). These data further indicate 
that passaged neurospheres have maintained an undifferentiated, progenitor-like state and may 
serve as a good model to uncover early fate choices of hypothalamic progenitors of the ventral 
diencephalon. 
Neurospheres express Notch signaling components as well as downstream targets 
We next sought to characterize components of the Notch signaling pathway. Given that 
our goal was to manipulate Notch signaling in an in vitro setting, it was important for us to 
further characterize our model system and confirm Notch signaling components were present. 
Throughout many organ systems in the body, Notch signaling plays a critical role in progenitor 
maintenance and fate selection. In vivo, our lab has provided evidence to this function as well in 
the developing hypothalamus (Biehl and Raetzman, 2015; Goldberg et al., 2011). Both control 
tissue punches and cultured spheres readily expressed Notch1, Notch2, and Notch3 receptors; 
however, interestingly, Notch4 was only present in control tissue and was notably absent from 
neurospheres (Fig. 6.1B).  We next sought to characterize Notch signaling ligands within 
hypothalamic neurospheres. Dll1, Dll3, and Jag1 were each detected in both control tissue and 
neurospheres, but similar to Notch4 expression, the Jag2 gene was only readily detectable in 
control tissue at a very low level (Fig. 6.1B). Although both Notch signaling receptors and 
ligands were present in neurospheres, it was unclear if active signaling was occurring natively. 
In vivo, active Notch signaling persists within the HVZ into adulthood as suggested by Hes1 and 
Hes5 expression (Wang et al., 2015). Indeed, control tissue expressed Hes1, Hes5, and 
another downstream Notch signaling gene from a similar family Hey1 (Fig. 6.1B). Again, 
neurospheres expressed each of these genes as well, suggesting Notch components are both 
present and active in our culture system (Fig. 6.1B). Finally, the proneural gene Mash1 is 
hypothesized to play a major role in neurogenesis within the hypothalamus and is widely 
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accepted to be directly repressed by Notch signaling via Hes expression (Abdolazimi et al., 
2016). Both neurospheres and control tissue also expressed Mash1, further suggesting 
neurospheres are progenitor-like with neurogenic potential (Fig. 6.1B). Taken together, these 
data suggest neurospheres contain many genes associated with ventral diencephalon 
progenitors and appear to be utilizing Notch signaling at some level. 
Hypothalamic neurospheres respond to exogenous growth stimuli 
 Following characterization of our model system, we next sought to determine if these 
primary progenitors’ response to a changing external environment. One potent driver of cellular 
proliferation in a multitude of cellular subtypes is insulin signaling (Fernández et al., 2004, 2003; 
Gutiérrez et al., 2005). To this end, we subjected neurospheres to varying concentrations of 
insulin treatment to determine its effects on both neurosphere number and size. In highly 
proliferative conditions of full CM, insulin concentrations are approximately 4000 ng/mL. At this 
concentration, we noted many spheres at a range of size, ranging from 50 µm to greater than 
200 µm. Total sphere number, as well as those we considered small spheres (50 µm – 100 µm), 
were numerous (45.7 ± 1.84 total spheres, 36.4 ± 2.26 small spheres). Far fewer were 
considered medium (100 µm – 200 µm) or large (> 200 µm) in size (9.83 ± 1.15 medium 
spheres, 1.48 ± 0.31 large spheres) in each random field of view (Fig. 6.2A, B). When 
neurospheres were instead cultured in 40 ng/mL insulin for 4 days, sphere number and size was 
noticeably reduced. Total sphere number, as well as both small and medium sized spheres, was 
significantly reduced in 100-fold less insulin (24.1 ± 0.74 total spheres, 19.9 ± 1.48 small 
spheres, 3.31 ± 0.58 medium spheres) while the number of large sized spheres (0.87 ± 0.37 
large spheres) was unaffected (Fig. 6.2A, B). Interestingly, large spheres (> 200 µm) were not 
affected, but upon further examination it appeared that large spheres did not contain viable 
cells, which may explain this observation (data not shown). Given that spheres are more 
numerous in number as opposed to just growing larger, we postulated that this is likely due to 
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cellular proliferation. At least one other study has suggested that insulin can promote cellular 
proliferation through Notch signaling (Desai et al., 2011). Given that we have characterized that 
Notch signaling is present and active in neurospheres (Fig. 6.1) and can be manipulated 
chemically (Chapter 5), we sought to determine if our observed increase in sphere number was 
due to increased Notch signaling activation. Preliminarily, when spheres were plated in 4000 
ng/mL insulin in the presence of the chemical Notch inhibitor DAPT, we saw a reduction of total 
sphere number (62.5 ± 10.1 v 31.2 ± 4.84) as well as number of small, medium spheres (40.0 ± 
4.86 v 21.1 ± 2.80 small; 20.7 ± 5.32 v 9.15 ± 2.27 medium) but no effect on the number of large 
spheres (1.73 ± 1.03 v 0.95 ± 0.27 large) (Fig. 6.2C ,D). These results indicate that our in vitro 
assay has the potential to be useful for screening tool for exploring the effects of exogenous and 
endogenous compounds on neurosphere dynamics. 
Notch signaling inhibition reduces progenitor quality and proliferation on ECM 
microenvironments 
 While we have established a model system for exploring the effects of individual 
signaling pathway manipulations, the practicality of this system is not without its limitations. 
Generating neurospheres to determine the effects of a single signaling pathway manipulation at 
either the level of gene regulation or protein expression requires an entire flask of cells for a 
single observation to generate any meaningful data. Considering the effort and resources 
required to generate a flask of cells to use for each experiment, a more efficient technique to 
allow for us to test multiple signaling pathways or molecular interactions at the same time while 
generating much larger data sets with the same amount of input would be of great use. To this 
end, we have adopted a well-established microenvironment array technique in collaboration with 
the Underhill lab to explore the effects of multiple interactions of cellular dynamics 
simultaneously (Kaylan et al., 2017; Malta et al., 2016) (Fig. 6.3). These microenvironments 
have been published utilizing a number of immortalized cell lines, ranging from bipotential liver 
progenitors to lung carcniomas (Kaylan et al., 2016a, 2016b).  
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One interesting interaction which remains highly understudied in the development of the 
hypothalamus is the interaction of progenitor cells with the composition of ECM. To address this 
gap in knowledge, we adopted microenvironment arrays with combinations of multiple ECMs to 
determine the effects ECM composition had on neurosphere formation, cellular proliferation, 
and progenitor-like quality. Additionally, we sought to determine the role Notch signaling may be 
playing on sphere adhesion, formation, and dynamics. ECM combinations included collagen I, 
III, IV, laminin, or fibronectin, as well as multiple combinations of each of these ECMs. In most 
cases, spheres were able to rapidly attach and settle on printed ECM spots, forming small, local 
spheres (Fig. 6.4A). Neurospheres appear to consistently prefer to attach to and form islands on 
either laminin or fibronectin based ECMs. Indeed, with either laminin or fibronectin alone or 
laminin or fibronectin in combination with one of the several arrayed collagen molecules, we 
noted significantly more cells per island compared to collagen based matricies (Fig. 6.4B). To 
our surprise, we also noted that treatment with DAPT appeared to modestly reduce the number 
of cells per island regardless of ECM composition, perhaps suggesting a role for Notch signaling 
in cell adhesion strength on these ECM microenvironments (Fig. 6.4C). 
 Given that we observed fewer cells per island in the presence of DAPT treatment, we 
next sought to determine the effects DAPT treatment would have on both progenitor quality and 
cellular proliferation of arrayed neurospheres. For these experiments, we chose to stain for the 
progenitor/tanycytic marker GFAP to determine progenitor status and the antigen Ki-67 to 
determine cellular proliferation. On both laminin or fibronectin-based ECM combinations, we 
observed that treatment with DAPT resulted in a significant reduction of GFAP (Fig. 6.5A, B) of 
nearly 50% and a near total ablation of Ki-67-positive proliferative cells (Fig. 6.5A, C). 
Interestingly, this observation was observed independent of ECM composition (Fig. 6.5B, C); 
however, more striking changes were observed in combinations that were conducive of cellular 
adhesion and island formation. ECM combinations not highly conducive to sphere formation still 
showed an identical change in GFAP reduction, but cellular proliferation was likely not different 
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perhaps due to reduced cell-to-cell interactions. Taken together, these results suggest that 
neurospheres plated on an established, high-throughput array system can respond to external 
stimuli and may serve as a novel screening method for multiple signaling pathway interactions 
moving forward. 
 
Discussion 
 The overall goal of these studies were to begin to develop a novel method to uncover 
the role of Notch signaling as well as other signaling pathways on early fate decisions of stem 
cells in the hypothalamus. To date, few, if any systems have been established to 
mechanistically uncover fate decisions in the developing hypothalamus, especially utilizing a 
primary cell culture system. We have shown that primary progenitor cells cultured from neonatal 
mice readily grow and expand in defined media conditions as well as rapidly and spontaneously 
form neurospheres. These spheres express a number of progenitor cell markers (Sox2, Sox9, 
Gfap) while also maintaining a ventral diencephalonic identity (Nkx2.1) (Fig. 6.1). These 
neurospheres also express Notch signaling components and can be chemically inhibited 
(Chapter 5), allowing us to further uncover a more mechanistic model of early fate decisions of 
the hypothalamus. Additionally, we have developed a method whereby we can manipulate 
multiple factors at a time to provide a more efficient and high-throughput method of uncovering 
the mechanism of differentiation in primary neurospheres. While these findings are preliminary, 
they show a great deal of promise and will likely be adaptable for a large number of applications 
moving forward. With very minor modifications moving forward, this novel assay should prove 
powerful both in advancement of the Raetzman lab as well as the field of hypothalamic 
development. 
 One important note to consider while interpreting these data are the fact that the 
neurospheres generated from neonatal pups are most likely tanycytic in origin and may be 
slightly different in molecular composition than the stem cells of the developing hypothalamic 
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primordium. Specifically, the cells cultured are likely to be identified as a-tanycytes, a unique 
subpopulation of tanycytes that respond to FGF signaling and act as a source of stem cells late 
into the postnatal period (Robins et al., 2013). Interestingly, many reports have suggested that 
hypothalamic tanycytes can indeed terminally differentiate into many (if not all) of the cellular 
subtypes of the hypothalamus, lending credence to the idea that these cells retain a highly 
pluripotent identity (Rodríguez et al., 2005). While the results of this study and further studies 
adopting this technique will give insight into the mechanism of developmental fate decisions of 
the hypothalamus, it should not be overlooked the implications these studies may have on 
postnatal development as well. Thus, determining novel genes and mechanisms playing a role 
in the differentiation process may have direct clinical and therapeutic relevance moving forward, 
and the strength of developing a high-throughput assay to uncover novel genes may be a 
powerful tool in understanding both embryonic and postnatal development. 
 A number of other studies have made attempts at forming functional neurons from other 
progenitor cell sources. A major breakthrough utilizing either iPS of hES cells through a series 
of manipulations to formulate neurons has shown a great deal of promise, and a highly 
repeatable protocol has been established and shared (Wang et al., 2016, 2014; Yamada-Goto 
et al., 2017). While these studies have been groundbreaking, it is important to note potential 
pitfalls when utilizing this technique. First, the progenitor source utilized in this protocol requires 
a nearly 2-week preparation phase to even generate Nkx2.1 expressing progenitors. While the 
protocol established above does require expansion of progenitors over time, this is merely to 
generate excessive input for each experiment and is not required for neurospheres to adopt a 
hypothalamic identity. Additionally, the differentiation process takes nearly a month and neurons 
are not infinitely passagable (Wang et al., 2014). Although we do not get as efficient and robust 
neuronal differentiation in our culture system, we have shown previously that simple inhibition of 
Notch signaling for 6-days is sufficient to at least bias neurospheres towards a slightly more 
neuronal identity (Chapter 5). Further studies utilizing hypothalamic neurospheres with an 
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emphasis on differentiation may prove fruitful and have the potential to be more efficient at least 
for the purposes of understanding developmental pathways. 
 Microenvironment arrays provide a novel system in order to manipulate a number of 
variables simultaneously with far less input than other methods of factor, drug, and toxicant 
screening. In fact, at least one such study utilizing these microenvironments on a lung 
carcinoma cell like was able to assay a number of small molecule drugs at varying doses on a 
large combination of ECM microenvironments recapitulating the tumor environment in order to 
determine the most situationally efficient mode of treatment (Kaylan et al., 2016b). Given the 
current focus on personalized medicine as well understanding tumor microenvrionments in 
order to target and treat varying types of cancer, this assay clearly stands out as a powerful tool 
to use moving forward in the context of many tumor contexts and other disease states. 
Additionally, studies involved in understanding the effects of environmental toxicants many 
times rely on establishment of a dose response, as many of these compounds have effects over 
a broad concentration. Another benefit of these arrays, as established in the study discussed 
above, is the ability to assess multiple doses and multiple interactions simultaneously, 
potentially expediting data collection while reducing excessive use of potentially precious input 
to establish useful concentrations to study. Our data have shown preliminarily that hypothalamic 
neurospheres appear to prefer to grow on laminin- or fibronectin-based ECM combinations and 
in the context of being grown on these biomolecules, retain their progenitor-like quality and 
rapidly proliferate. This observation is important in establishing this assay as we are hoping to 
use it in the future for assessing the effects of molecules and signaling pathways on early fate 
decisions of hypothalamic progenitors. In other sphere culture systems, such as pituispheres, 
part of the differentiation process includes plating undifferentiated spheres on specific ECM to 
allow for differentiation to occur (Fauquier et al., 2008). Given the relatedness in development of 
these two organ systems, this raised concern as to the ability for neurospheres to be used in 
this specific application. However, we show that spheres on each ECM do indeed maintain 
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progenitor quality and are active, allowing us to utilize this application in a high throughput 
context. 
 A final important consideration when utilizing these microenvironments (as well as any in 
vitro system) is how well these observations are recapitulated in vivo. One noteworthy 
observation made on the microenvironment array was the reduction in both Ki-67 and GFAP 
staining on multiple ECM combinations when in the presence of the chemical Notch inhibitor 
DAPT (Fig. 6.5). However, we have also previously reported in Chapter 5 that a similar (but not 
identical) manipulation of Notch signaling resulting in an increase in mKi67 transcript. One 
potential explanation for this observation is that 48 hours of DAPT treatment is sufficient to slow 
cellular proliferation, but an additional day of treatment (a la Chapter 5) metabolizes the 
chemical inhibitor and Notch signaling becomes far more active in a compensatory mechanism. 
Another potential explanation is that the results we observe are the result of the ECMs that have 
been presented to the neurospheres as well as the force exerted on the spheres. Unpublished 
work from the Underhill group has shown that the contractile force of the hydrogel and ECM 
combinations can have dramatic effects on the fate decisions and cellular processes of 
bipotential liver progenitor cells. Likewise, these changes in force can have direct interactions 
with Notch signaling activity. Thus, if the ECM composition or stiffness the neurospheres are 
subjected to in vivo, while in suspension in vitro, or in vitro on a hydrogel microenvironment, 
experimental artifacts may affect data interpretation and must be considered before making any 
concrete conclusions. Nevertheless, this assay will continue to further our understanding of both 
intrinsic and extrinsic signals that play key roles in both early and late stem cell decisions of the 
developing hypothalamus. 
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Figures/Tables 
 
Fig. 6.1: Characterization of neurosphere progenitor properties. (A) Cells 1, 3, and 6 days 
in vitro (DIV) after plating. Neurospheres appear to progress from mainly single cells or small 
clusters of few cells to larger, non-adherent spheres. (B) 12 days in vitro spheres retain ventral 
diencephalon identity as apparent by Nkx2.1 expression. Spheres do not express mature 
neuronal markers of the ARC or AVPV (Pomc, Kiss1), but do express tanycytic and progenitor 
markers (Gfap, Lhx2, Sox2, Sox9). Spheres also express Notch ligands and receptors, as well 
as downstream targets. 
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Gene 
Name 
Forward: 5’ ® 3’ Reverse: 5’ ® 3’ 
Nkx2.1 GGTAGTTCAAATGGGTTCCCAAGC AGTTCAGGGCCATGGAAGCATAG 
Pomc TGGCTCAATGTCCTTCCTGG CACATAAGCTGCATCGTTAAG 
Kiss1 TGCTGCTTCTCCTCTGT ACCGCGATTCCTTTTCC 
Gfap TGAATCGCTGGAGGAGGA TGTGAGGTCTGGCTTGGC 
Lhx2 GCCAAGGACTTGAAGCAGCT GGTTGCGCCTGAACTTGGCC 
Sox2 GGAGAAAGAAGAGGAGAGAG CTGGCGGAGAATAGTTGG 
Sox9 AGCCGACTCCCCACATTCCTCC GAGATTGCCCAGAGTGCTCGCCC 
Notch1 TTCCATGATTGCCTCCTGCAGTGG CAGGATCAGTGGAGTTGTGCCATCATGCA 
Notch2 TGCCAATACTCCACCTCTC TCCACTGACACTGCTTCC 
Notch3 GAAGACCCTTGCCACTCAG CCACGGAGACAACGACAG 
Notch4 GAGGACCTGGTTGAAGAATTGATC TGCAGTTTTTTCCCTTTTATCCC 
Dll1 TAACCTCGTTCGAGACCTCAAGGG TGGCACTTGGTGTCACGTTTGC 
Dll3 TCTCCCTCGTCATTGAAACCTGGA GTAGGAGAAGTGCAACTCCATGT 
Jag1 TGTAGCCAGAAAGTGACTGGTTG TGTAGCCAGAAAGTGACTGGTTG 
Jag2 TGGACACGAAAGCGCAGGAAAG ACTGGTTGTTGGCGCTCTCATC 
Hey1 TCTTGCAGATGACTGTGG ATGATGCTCAGATAACGG 
Hes1 AAATGACTGTGAAGCACC TCATGCACTCGCTGAAGC 
Hes5 CGCATCAACAGCAGCATAGAG TGGAAGTGGTAAAGCAGCTTC 
Mash1 TGGACTTTGGAAGCAGGATGG TGACGTCGTTGGCGAGAAACA 
Table 6.1: List of primers used in this study for RT-PCR. Primers sequences are listed 
5’®3’. 
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Fig. 6.2: Insulin signaling increases neurosphere size and number potentially through 
Notch signaling. (A) Hypothalamic neurospheres grown in either 40 ng/mL insulin or 4000 
ng/mL insulin for 4 days. Sphere number and size are both increased with 100-fold . (B) 
Quantification of total sphere number as well as sphere number between 50-100 mm, 100-200 
mm or 200+ mm in 40 ng/mL or 4000 ng/mL insulin. (C) Representative spheres grown in 4000 
ng/mL insulin in the presence or absence of the chemical Notch inhibitor DAPT for 4 days. (D)  
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Fig. 6.2 cont. 
Quantification of total sphere number as well as sphere number between 50-100 µm, 100-200 
µm or 200+ µm in the presence or absence of DAPT. Data in (B) represent the average number 
of spheres across 3 independent experiments and in (D) represent the average number of 
spheres in a well within a single experiment. Error bars represent the standard error of the 
mean. * = p < 0.05 by a Student’s t-test for (B) or a Mann-Whitney test for (D). Scale Bar = 400 
µm. 
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Fig. 6.3: Workflow of microarray environments. Microarrays are generated by coating glass 
slides with hydrogel and are then printed with biomolecules of different ECM composition. One-
hundred fifty micron islands are printed approximately 150 mm apart from each other and 
approximately 500,000 dissociated neurospheres were plated until islands began to form. 
Neurospheres were treated for 48 hours with or without DAPT and fixed for ICC analysis. 
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Fig. 6.4: Hypothalamic progenitors prefer to grow on fibronectin- or laminin-based ECMs. 
(A) Representative microenvironment arrays in the presence or absence of chemical Notch 
inhibitor DAPT. Slides are 3 repeats of 10 replicates of 8 different conditions within a single 
experiment. (B) Quantification of average number of cells per well on specific ECM based 
islands. Spheres preferred combinations including either fibronectin or laminin. (C) Effect of 
Notch signaling on island formation. Spheres more readily formed islands on ECM combinations 
when Notch signaling is active, suggesting a role for adhesion as well as progenitor 
maintenance and proliferation. Cells/island are the total number of DAPI-positive cells for each 
condition divided by the 10 replicates present. In (B), error bars represent standard error of the 
mean. In (C), each data point represents the average number of DAPI-positive cells within an 
ECM combination. 
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Fig. 6.5: Neurospheres grown on laminin or fibronectin respond to Notch signaling 
manipulation. (A) Representative islands grown on either laminin (top) or fibronectin (bottom) 
based ECM in the absence or presence of DAPT. GFAP expression (green) and Ki-67-positive 
cells (red) are both reduced when treated for 48 hours with DAPT. (B) Quantification of GFAP 
intensity. GFAP intensity (a.u.) appears decreased in all ECM contexts. Each data point 
represents the average GFAP signaling on a specific ECM combination. (C) Quantification of 
percent Ki-67-positive cells. Cells were determined as Ki-67 positive or negative by using a 
cutoff 2 standard deviations above or below the mean of vehicle treated islands. 
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Chapter 7 – Future Perspectives 
 
Written by Biehl MJ and edited by Raetzman LT 
 
 The overall goal of these studies were to offer a better understanding of hypothalamic 
development, namely in the role that the Notch signaling pathway has both in vivo as well as the 
effects it has on a pure progenitor population in vitro. The major conclusions of these studies 
have furthered the understanding of the timing and lineage of kisspeptin neurons of the arcuate 
nucleus (ARC) (Chapter 4) as well as early development of a previously understudied region of 
the brain, the anteroventral periventricular nucleus (AVPV) (Chapter 5). They have provided 
insight into the role Notch signaling plays in both early fate decisions (specifically in maintaining 
progenitor-like qualities, proliferation, and expression of early differentiated markers) and later 
fate decisions, namely as a fate selector between kisspeptin neurons and other neuronal 
subtypes of the ARC and AVPV. Finally, we have developed a novel hypothalamic neurosphere 
assay in order to uncover the effects of signaling pathway manipulation on a pure population of 
progenitor cells expanded from the early postnatal ventral diencephalon (Chapters 5 and 6). 
Interestingly, this assay has been shown to be adaptable to novel techniques in collaboration 
with the Underhill lab, allowing for rapid high throughput screening of multiple signaling 
molecules on fate decisions of cultured neurospheres (Chapter 6). Recently, an increased 
interest in both stem cell biology and regenerative medicine have been highlighted, and multiple 
research groups have focused their efforts on developing functional hypothalamic neurons from 
either inducible pluripotent stem (iPS) cells or human pluripotent stem (hPS) cells (Wang et al., 
2016; L. Wang et al., 2014; Yamada-Goto et al., 2017). The studies conducted in this thesis 
have offered a great deal of evidence for the role of Notch signaling in the brain and its effects 
on fate decisions both in vivo and in vitro, and in collaboration with the Department of 
Bioengineering have potentially unlocked a novel way to further elucidate the mechanism of 
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differentiation of progenitor cells of the brain. Taken together, they provide further insight into 
developmental processes and advance our techniques to conduct future experiments. 
 
The role of Notch signaling on kisspeptin neuron differentiation 
 Reproductive development and function is arguably the most critical biological process 
necessary for perpetuation of most higher-order biological organisms. Many studies exploring 
the precise function of the kisspeptin neuropeptide on this process are conducted in mammalian 
model systems; however, it is important to note the importance of kisspeptins is not limited to 
mammals (Irwig et al., 2004; Messager et al., 2005). In fact, numerous groups have studied the 
role of kisspeptins in zebrafish and at least one kisspeptin-like homologue has been identified in 
the invertebrate model A. rubens (Semmens et al., 2016), highlighting the importance of 
kisspeptin signaling dating far back in evolutionary history. Despite such an importance on 
reproductive function and development, it is surprising that this peptide was nearly unknown of 
until approximately the turn of the millennium (Estrada et al., 2006; Funes et al., 2003; Roa et 
al., 2006; Seminara and Kaiser, 2005). Fortunately, a great deal of interest has prompted a 
large body of work directed at understanding its role in reproductive function; however, very few 
studies have shown interest in development of these neurons in both the ARC and AVPV (Biehl 
and Raetzman, 2015; Semaan et al., 2010).  
The results of this thesis have shown that the Notch signaling pathway clearly plays an 
important role in development of these neurons (Chapters 4 and 5). Unfortunately, one 
complication discussed previously are the limitations of genetic animal models. Using 
conditional knockout models permanently removes or overexpresses genes, thus pathways 
such as Notch signaling that can work at multiple stages of development and on a multitude of 
cellular processes can be difficult to study and the results can be challenging to interpret. 
Nevertheless, it would be interesting to determine the level at which Notch signaling may be 
regulating kisspeptin neuron development: whether it be at the level of gene transcription or 
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level of neuronal identity. One study explored how estrogen signaling, a potent regulator of 
Kiss1 expression, directly interacts with the Kiss1 promoter (Goto et al., 2015). Preliminarily, we 
have scanned one region of the Kiss1 reported responsible for regulation by estrogen signaling 
and have identified at least one area to which Rbpj can bind, potentially regulating Kiss1 
expression as well (data not shown). However, it is important to note that events such as 
chromatin looping and DNA structure or modifications can also have dramatic roles in gene 
regulation, such that far distal sites can have just as potent effects on regulation as proximate 
sites. This has indeed shown to be the case for RBPJ binding, thus a larger survey of the 
upstream region of the Kiss1 gene may be appropriate and necessary to address this question 
(H. Wang et al., 2014).  Additionally, it is entirely possible that Notch signaling instead regulates 
other early transcription factors important for specific neuronal identity, and does not play a role 
in Kiss1 expression directly. Using the combination of direct promoter bashing as well as 
directed differentiation of hypothalamic neurospheres, future studies may be able to 
mechanistically elucidate precisely how Notch signaling plays a role in development of 
kisspeptin neurons of the hypothalamus. 
 
Importance of understanding Notch signaling with implications in human disease 
 Mutations in both Notch ligands and receptors are responsible for human conditions 
such as cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL), focal cortical dysplasia (FCD), T-cell acute lymphoblastic 
leukemia (T-ALL), and others (Cotter et al., 1999; Rutten et al., 2015; Zhu et al., 2006). While 
each of these conditions have direct mutations in Notch signaling related genes, it is important 
to note that disruptions early in developmental signaling pathways, such as Notch signaling, 
during stem cell fate decisions can also have persistent effects into adulthood as well. Although 
Notch signaling is traditionally considered a developmental signaling pathway, it is active both in 
the developmental and postnatal window and thus the timing at which it may be disruption can 
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have varying consequences (Desai et al., 2016). The prevailing idea of “developmental origins 
of disease” was discussed previously and may tie Notch signaling to a number of other diseases 
observed in the human population. A large number of studies have recently been especially 
interested in development of neurons, glia, and other cell types of the hypothalamus in their role 
in energy homeostasis and feeding behavior in addition to reproduction (Balland et al., 2014; 
Holmes et al., 2016; Reiner et al., 2016). In fact, our lab has shown that genetic manipulation of 
Notch signaling within the ARC and AVPV both have profound effects on cellular fate decisions 
during the developmental windows (Aujla et al., 2013; Biehl and Raetzman, 2015) (Chapter 4 
and 5). Specifically, Notch manipulation within the ARC resulted in an imbalance in both POMC 
and NPY expressing neurons, as well as profound effects at the level of the HVZ and median 
eminence resulting in significantly larger mice (Aujla et al., 2013). We also found that similar 
Notch manipulations affected reproductive function, affecting both males and females similarly 
(Chapter 4).  
Although mutations in Notch have not directly been linked to diseases such as obesity 
and infertility in the human population, studies conducted above and others may provide 
evidence that there may be a link in the prevalence of these diseases and insults to native 
Notch signaling in the developmental window. Further studies should focus on additional 
phenotypes that may be the indirect result of Notch signaling pathway component mutations. 
For instance, while we observed that Rbpj cKO mice are larger than control littermates, we have 
merely speculated this is the result of hyperphagia. Processes such as fat storage and other 
metabolic disorders which may have arose as a secondary result of disruption in development 
of the hypothalamus could play a role in these observations as well. Additionally, experiments 
directed towards more defined temporal manipulations of Notch signaling within the 
hypothalamus and their links with physiological disorders are worth exploring. Results from 
these studies would further understanding of a more defined window at which aforementioned 
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insults can affect fate choice as well as how other signaling pathways may be interacting with 
Notch signaling will provide critical insight into novel therapeutic strategies. 
 
Environmental toxicant exposure and their effects on fate decisions 
 While normal development relies on endogenous signals and signaling pathways for 
stem cell fate decisions during embryogenesis, it is also important to consider that exogenous 
signals such as environmental toxicants can hijack these processes and aberrantly signal, 
potentially disrupting native fate choices. A large field of research has focused on the effects of 
exogenous compounds found within the environment that humans are ubiquitously exposed to 
both in utero and throughout our entire lives. For instance, common plasticizers such as 
bisphenol A, S, and others found within water bottles, receipt paper, and the lining of food cans 
have been shown to have estrogenic activity on numerous organ systems within the body (Chen 
et al., 2017; Ibrahim et al., 2016; Sekar et al., 2016). Appreciable levels of many of these 
compounds have been reported within the urine, cord blood, and embryonic fluid of pregnant 
mothers, implying exposure to a developing fetus (Shekhar et al., 2015). These effects have 
been reported to affect development of the brain, pituitary, ovaries, and many other systems 
relying heavily on estrogenic signaling for this process (Eckstrum et al., 2016; MacKay et al., 
2017; Zhou et al., 2015), and interestingly enough have been shown to have effects over a wide 
range of exposure (Eckstrum et al., 2016). Human studies have linked BPA exposure to 
childhood obesity, which may hint its effects act at the level of the ARC (Valvi et al., 2013). 
Owing to the unique characteristic of the hypothalamus not being protected by the blood-brain 
barrier, this region of the brain is exceptionally susceptible to exogenous insults.  
While embryonic BPA dosing did not seem to have an effect of the number of neurons of 
the ARC involved in energy homeostasis, it may also be interesting to explore axonal targeting 
of these neurons. Recent studies have suggested that BPA exposure in the brain can affect 
neurite extensions and could potentially also be involved with glial extensions as well (Seki et 
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al., 2011). Additionally, a recent study of pregnant dams exposed to environmentally relevant 
levels of BPA during gestation and lactation showed that offspring showed perturbed POMC 
neuron projections to central parts of the brain, as well as blunting of postnatal leptin surges 
(MacKay et al., 2017). Future studies should further characterize the effects BPA may have on 
other circuitry of the ARC as well as the effects it may have on tanycyte differentiation. 
Additionally, future studies should also focus their efforts on utilizing the developed in vitro 
neurosphere assay along with the microenvironment assay discussed in Chapter 6 will allow for 
high throughput screening of BPA and potentially other compounds on stem cell fate decisions 
of the hypothalamus. 
 
Novel methods to uncover molecular mechanism of differentiation 
 Recently, numerous studies have focused their efforts on development of functional 
hypothalamic neurons from iPS or hES cells (L. Wang et al., 2014; Wang et al., 2016; Yamada-
Goto et al., 2017). Although these studies have been revolutionary in our progression to offering 
therapeutic intervention of brain injuries, the differentiation process still remains poorly 
understood from a mechanistic standpoint. While a general idea of signaling pathways involved 
in the process of differentiation are exploited to generate functional neurons, the complex 
transcriptional network involved is still a huge mystery. Utilizing novel strategies outside the 
scope of traditional molecular biology techniques can begin to unlock Pandora’s box of 
regulatory interactions involved in stem cell maintenance and differentiation. In collaboration 
with the Underhill lab in the Department of Bioengineering, we have developed a new assay 
used previously on bipotential liver progenitor cells (Kaylan et al., 2016) to determine the effects 
of at least one signaling pathway, Notch signaling, in combination with components of 
extracellular matrix to determine their effects on hypothalamic cellular proliferation and 
progenitor-like quality (Chapter 6). The power of this assay is that any combination of molecules 
can be printed on these arrays, and techniques to image factors within neurospheres are no 
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longer limited to peptide content. Very recent data have suggested that techniques such as in 
situ hybridization are possible on printed arrays, which opens up the possibilities of factors we 
can array for. Not only does this allow for us to perform high-throughput screening of multiple 
pathways and factors at a time, we can also manipulate signaling pathways chemically at 
defined time points to even be able to understand the temporal component of differentiation as 
well. While the possibilities of this specific application appear to be countless, it is important to 
note that this is just one example of the strength establishing collaboration with other 
departments can have.  
Future studies should focus their efforts on utilizing these microenvironment arrays to 
further explore the combinatorial effects of signaling pathways on stem cell maintenance and 
differentiation with cultured neurospheres. Additionally, experiments exploring the effects of 
compounds such as BPA and other environmental toxicants as discussed above can be used in 
combination with this microenvironment assay will hopefully expedite the process of determining 
the negative effects these compounds can have. Finally, future studies should continue to seek 
out collaboration with other departments in order to answer questions that would otherwise be 
impossible to address utilizing traditional molecular biology techniques. 
 
Final concluding remarks 
 Taken all together, these studies have furthered our understanding of two key 
hypothalamic regions involved in reproductive function (Chapter 4 and 5). We have additionally 
established a novel mode by which to explore Notch signaling as well as other signaling 
pathways, potentially together, acts on hypothalamic progenitors during development (Chapter 
6). While a number of laboratories across the globe are highly interested in the function of 
kisspeptin neurons, our group is one of the first and only to begin to tease out the 
developmental origins of these neurons and approach understanding infertility from a 
developmental standpoint. Although the focus of this thesis work has been development of the 
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reproductive axis, it is important to note that studying the development of many other 
physiological diseases is just as necessary in the understanding and treatment of many human 
health disorders. Additionally, we have further established a novel assay in understanding the 
molecular machinery involved in differentiation of stem cells of the hypothalamus (Chapter 6). 
The advancement of scientific discovery consistently relies on the development of novel ideas 
and collaborations. While the studies within this thesis offer a single example of the interface 
between biology and engineering, they hopefully will spark other laboratories and investigators 
to consider exploring similar options moving forward with their own studies. 
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Appendix A: Additional findings 
 
Written by Biehl MJ and edited by Raetzman LT 
Scientific contribution by Duda LH, Eckstrum KE, Wang W, and Flaws JA 
 
 While endogenous signals and signaling pathways play a critical role during 
organogenesis and cellular fate decisions, it is key to appreciate that exogenous factors can 
have a major influence especially during critical windows of development. For example, 
environmental toxicants and endocrine disrupting chemicals are two examples of such factors 
that can hijack the normal developmental process in many organ systems. Previous reports 
have suggested a strong link between bisphenol A (BPA) levels in maternal urine and cord 
blood and obesity in offspring, suggesting that development of the feeding circuit of the 
hypothalamus may be affected. One such critical window of development within the brain is 
during neurogenesis and gliogenesis, occurring in the mouse between embryonic day (E) 10.5 
and 18.5. Our lab has previously reported that pregnant dams dosed with the environmental 
estrogen BPA during this window of development has profound effects on cellular dynamic in 
the neighboring pituitary gland, thus we hypothesized that development of the hypothalamus 
would also be affected. To this end, pregnant CD-1 females were dosed orally each day 
between E10.5 and E18.5 of pregnancy with varying doses of BPA (in µg/mL) or 
diethylstilbesterol (DES), as estrogenic mimic that can cross the placenta, dissolved in 
tocopherol stripped corn oil. Animals were then observed at postnatal day (P)4 for changes in 
neuron number involved in feeding behavior in one region of the hypothalamus, the arcuate 
nucleus (ARC). We reported that no observable difference in the number of neuropeptide Y 
(NPY)-positive cell bodies in any of the tested BPA concentrations or DES treatment in 
comparison to the oil vehicle control animals (Fig. A.1.1A-C). Additionally, the number of Pomc 
positive anorexigenic neurons within the ARC was not affecting in this dosing paradigm 
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compared to DES treated or oil control pups (Fig. A.1.1D-F). Although we did not observe a 
change in neuron number, it is important to note that recent studies have looked at the effect of 
BPA on the hypothalamus and have reported that axonal projections are affected. It still is 
possible that in our system, projections or neuronal functionality are perturbed and warrant 
additional experimentation. 
 The peak of neurogenesis and gliogenesis occurs in the embryonic window; however, it 
is important to note that an appreciable number of neurons and glia develop postnatally, as well. 
With this knowledge in mind, we chose to look at expression of feeding circuit neurons and glia 
at a later age when neonatal pups were dosed with BPA (in µg/mL except BPA 50+ which was 
mg/mL) or estradiol (E2) directly for the first week of life. Similar to our findings with prenatal 
dosing, we observed no noticeable change in NPY or Pomc neuron number within the ARC at 
any dose tested or when treated with E2 (Fig. A.1.2A-F). Interestingly, we had gathered 
preliminary results that the glial marker glial fibrillary acidic protein (GFAP) may be slightly 
induced with BPA or E2 treatment (Fig. A.1.2H, I) when compared to oil control (Fig. A.1.2G). 
Unfortunately, quantification proved challenging via immunohistochemistry so we sought to 
determine protein expression via Western blot of hypothalamic punches. While each condition 
showed a clearly detectable band for GFAP (50 kDa) and b-actin (42 kDa) as an internal control 
(Fig. A.1.3A), blot to blot variability made these data uninterpretable. While some conditions 
(BPA 0.5) were relatively consistent, the BPA 50 data were occasionally very high and other 
times very low, not allowing for us to make any concrete conclusions. Further studies in this 
area should focus on perfecting a technique to generate more consistent results within the ARC 
to definitively confirm if an effect on GFAP expression or tanycytes is occurring or not. 
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Figures 
 
Fig. A.1: Prenatal BPA exposure does not affect feeding neuron number. (A) NPY neurons 
within the ARC are readily detectable lateral to the third ventricle (3V). (B) NPY expression does 
not appear different when treated prenatally with DES, a positive estrogenic control compound. 
(C) Each concentration of BPA tested did not affect NPY expression compared to vehicle 
control. (D) Pomc neurons also lie lateral to the 3V, slightly further from the ventricular zone. (E) 
Pomc neuron number does not appear affected with DES treatment. (F) No significant 
difference in Pomc neuron number with any BPA concentration tested. n = 3 animals. 
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Fig. A.2: Neonatal exposure to estrogenic compounds does not affect ARC neuron 
number but may affect glial expression. (A) NPY neurons lie lateral to the 3V similar to 
reported at an earlier age. (B) Estradiol did not appear to affect NPY expression or neuron 
number. (C) BPA exposure did not affect NPY neuron number similar to prenatal dosing. (D) 
Pomc neurons appeared scattered throughout the parenchyma lateral to the 3V. (E) No 
noticeable difference in Pomc neuron number with estradiol treatment. (F) BPA did not affect 
Pomc number at any dose tested. (G) GFAP expression is found within the 3V with processes 
extending out into the parenchyma and median eminence (ME). (G) GFAP expression may be 
slightly induced in the dorsal region of the 3V with estradiol treatment. (H) BPA showed a similar 
effect with a potential enrichment of GFAP in the dorsal 3V. n = 2-3 animals per group. 
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Fig. A.3: GFAP expression via Western blot is highly variable. (A) Representative Western 
blot for GFAP (50 kDa) and an internal control b-actin (42 kDa). (B) Quantification of blot 
densitometry. Some BPA conditions appear highly variable, making conclusions uncertain.  
Diamonds represent individual observation points and solid lines represent the average 
GFAP:actin ratio. n = 4. 
	
 
